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Abstract 

Risk Assessment has become the most important probabilistic approach to counteract massive 
power outage events that are caused by hidden failures. A hidden failure (HF) is any activity in the 
“Power system parts" (generation, planning, maintenance, operation, communication, 
configuration, and protection) that results in loss of power or load without necessary outage of 
intact equipment". Hidden failures play an axial role in massive power outage events. The 
probabilistic nature of the Risk Assessment Process is well adapted guide to deeply understand 
and assess the hidden failure behavior and its impact on whole Power System. In this paper, we 
use the Risk Assessment Process to discover potential hidden failures in parts of the power system 
like the power system protection, power system maintenance, power system communication, and 
power system generation. The source of data used in the Case Study was taken from IEEE-RTS 
96. The primary data was processed to establish the capacity outage probability table (COPT) and 
load probability table (LPT), then the two tables are convoluted to obtain the loss of load 
expectation (LOLE) as one of the risk indices. Risk Matrix is simple graphical tool that has been 
established to show the relation between probability and Severity, impact of risk control, and 
informs us when to reject the risk and when to accept the risk. Failure Mode and Effect Analysis 
(FMEA) methodology has been executed in power system maintenance to discover a hidden 
failure (HF) and their impact. This understanding has helped us discover a correlation between the 
Risk Assessment Process and Hidden Failure. By considering the systemic nature of hidden 
failures and applying the Risk Assessment Process as proactive approach in to the Electrical 
Power System, we have succeeded to anticipate hidden failure before it happens. 

 
Keywords— Risk Assessment Process, Hidden Failure, Risk Indices, Failure Mode and 
Effect Analysis, Risk Control 
 

I. INTRODUCTION 
 

The probabilistic behavior of power systems is the root origin of risk. Hidden failures (HF) of 
Electrical Power system are generally outside the control of power system personnel. 
Consequences of hidden failures range from electricity interruptions in local areas to a possible 
widespread blackout. A matter of fact, the world has been suffering from massive power outage 
events. According to an EPRI (Electric Power Research Institute) report based on the national 
survey in all business sectors, the U.S. economy alone is losing between $104 and $164 billion 
a year due to power system outages[1]. Severe power outage events have happened frequently 
in recent years. Catastrophic Failures of Power Systems are phenomena which occur with some 
regularity throughout the worldError! Reference source not found.. These severe power 
outages let us realize that the single-contingency criterion (the N-1 principle) that has been used 
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for many years in the power industry may not be sufficient to preserve a reasonable system 
reliability level. Risk Assessment is the most important probabilistic approach to counteract 
massive power outage events that are caused by hidden failures (HF). There are four stages of 
Power system risk assessment [1]: 

1. Determining component outage models 
2. Selecting system states and calculating their probabilities 
3. Evaluating the consequences of selected system states 
4. Calculating the risk indices 
In this paper, the systemic definition of hidden failure is suggested to assure the correlation 
between the risk assessment process and hidden failure (HF). The original definition of hidden 
failure has been confined in the power system protection only; the definition is deterministic, 
and is not adapted to Probabilistic nature of risk assessment process; therefore, risk assessment 
process requires the generalization of the definition of hidden failure to include the all parts of 
power system, and adapt to the risk assessment process with respect to probabilistic nature. 
The deterministic definition of hidden failure that has been restricted for only protection 
system has been extracted from reference Error! Reference source not found., "Hidden 
Failure is a permanent defect that will cause a relay or a relay system to incorrectly and 
inappropriately remove a circuit element(s) as a direct consequence of another switching 
event". But this definition is limited; it is restricted for Power system protection only and not 
includes all subsystems of power system. There is correlation between risk assessment process 
and hidden failure; we can say that the risk assessment process just is looking for the hidden 
failure, or hidden failure cannot be predicted without risk assessment process. The systemic 
and probabilistic definition of hidden failure (HF) is one of keystones for this correlation. The 
systemic definition of hidden failure in power system is:" A hidden failure (HF) is any activity 
in the “Power system parts” (generation, planning, maintenance, operation, communication, 
configuration, and protection) that results in loss of power or load without necessary outage of 
intact equipment". In this paper, the Risk Assessment Process has been applied based on the 
suggested systemic definition in several partial system of whole power system. The case study 
has been implemented in Power System Generation by applying convoluting technique and 
recursive algorithm to obtain the Risk Index that was represented by (LOLE). In Power 
System Maintenance, Failure Mode and Effect Analysis (FMEA) methodology have been 
implemented to obtain the Risk index that was represented by LOEE to discover a hidden 
failure (HF). The Risk Matrix has been formulated to show the positive direction of risk 
control, residual risk, and positive impact for hidden failure (HF) discovering. 

II. Methodology  
 

In this section, a simple case study has been executed based on the stages of Risk Assessment 
Process to generalize the systemic definition of Hidden Failure by considering the power 
system maintenance. The four 500 kV lines (two in parallel in series with the other two in 
parallel) form a power supply corridor from a generation source center to a load center, as 
shown in (Fig. 1). The transfer capacity of the lines meets the single-line contingency 
criterion, that is, any single line outage will not cause any load curtailment. 
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Generation  

Center

Load 

 Center

Line 1 Line 2

Line 3 Line 4

 

Figure 1: A simple power supply system. 

 
The maintenance outages of lines 1, 2, and 3 were planned to repair the damages of several 
towers. 10 days were needed for repairing the towers of line 2 and 5 days for line 1 or line 3. 
The following two schedules were considered[1]: 
1. “Series style”: Line 2 is maintained first from September 19 to September 28, followed by 
line 1 from September 29 to October 3, and then by line 3 from October 4 to October 8. 
2. “Parallel style”: Line 2 is maintained from September 19 to September 28. 
The maintenance on line 1 starts on the same date and for the first 5 days  
 (From September 19 to September 23), followed by maintenance on line 3 for 
 The second 5 days (from September 24 to September 28). The description is shown in 

(Fig.2) 
 

Figure 2: Series & Parallel Maintenance Schedules 

 
Firstly, we can assume the reliability of the power source from generation center is 100%. And 
the total load is considered to be at the load center. The analysis is based on the impacts of the 
single line forced outage events after one or two lines are taken out for maintenance. Where, 
any single line outage will not cause any load curtailment. However, the probability of the 
double forced contingency during the period of 10 days up to 20 days is very low, so we can 
neglect it. Therefore we will not consider the double forced contingency in the case under 
study. The historical load records of the previous three years are shown in (Table 1), it is 
indicated that the average load per hour is 1045 MW from September 19 to September 30 and 
1242 MW from October 1 to October 8.  
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Table 1: Historical Load Records of the Previous Three Years. 

From October 1 to October 
8. 

From September 19 to 
September 30 

the average hourly load is 
1243 MW 

the average hourly load is 1046 
MW 

 
The failure statistics of the previous 10 years which is related to the failure frequency and 
repair time for each of the four 500KV lines are recorded in (Table 2) 
 

 

Table 2: Failure Data of the Four Lines. 

 

Line 

Failure Frequency 

(Failures/year) 

Repair Time 

(hour/failure) 

Length 

(Km) 

Line 1 1.51 2.77 32 

Line 2 1.858 22.85 81 

Line 3 1.715 18.36 39 

Line 4 0.715 0.89 81 

 The single-Line Forced-Failure Events for Schedule 1: 

• Event 1a: Line 4 fails while line 2 is out of service for 10 days in 
September. 

• Event 1b: Line 3 fails while line 1 is out of service for 2 days in 
September and 3 days in October. 

• Event 1c: Line 1 fails while line 3 is out of service for 5 days in October. 

 The Single-Line Forced-Failure Events for Schedule 2: 

• Event 2a: Line 3 fails while lines 1 and 2 are out of service for 5 days in                    
September 

• Event 2b: Line 4 fails while lines 1 and 2 are out of service for 5 days in 
September 

• Event 2c: Line 1 fails while lines 2 and 3 are out of service for 5 days in 
September 

• Event 2d: Line 4 fails while lines 2 and 3 are out of service for 5 days in 
September 

 

FMEA (Failure Mode and Effect Analysis) Methodology 
The concept of risk combines chance for failure with the consequence caused by the 
failure. An essential element of risk is the uncertainty- the fact that the engineers don’t 
know exactly what failures will occur and when and where the failures will occur? 
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FMEA is an inductive engineering technique used at the component level, and help us 
foresee potential hidden failures and their impact. Risk assessment is the quantification of 
potential failure, so we can answer the following three questions: 

• What can go wrong with the engineering system? 

• How likely is the failure to happen? 

• What will be caused by the failure as a consequence? 
By applying the FMEA methodology we can get the following two tables: 

• (Table 3): FMEA of Schedule 1. 

• (Table 4): FMEA of Schedule 2. 

Table 3: FMEA of Schedule 1 

 

Table 4: FMEA of Schedule 2 

 

Schedule 1 is Hidden Failure (HF) 

The objective from applying the FMEA methodology is conformation of the suggested systemic 

definition of hidden failure; the power system maintenance is selected as subsystem of whole 
system (electrical power system) in order to confirm the systemic definition of hidden failure. 

Also we have confirmed the probabilistic approach of risk assessment process, although the 

power system maintenance in this example is simple, it may still not be straightforward to select 
a maintenance scheme from the qualitative analysis. The quantitative risk assessment can 

provide us a clear picture for the situation, and answer which scheme is better based on the 

failure data and the variable load profiles, The Schedule 1 in this case represents the hidden 
failure because it leads to loss of power or load without necessity, where EENS (Expected 

Energy Not Supplied) of schedule 1 is higher than (EENS) of schedule 2 by 62.11 MWH. 
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III. Case Study 

Convoluting Technique 
The risk evaluation with respect to the case under study (IEEE-RTS 96) can be described 
by probability convolution. For example, if we reduce the electrical power system into 
generation and load, both generation capacity and load demand are random variables, so 
the generation system risk assessment is divergence of the required load from the 
generation, by considering both parameters are discrete random variables, the following 
equation can be obtained . 
 

�̅ �������0, ��



���

�

���
� ��	�����																																																																																										�1� 

Where: 

• � : represents the load demand. 

• �  : represents the generation capacity. 

• � : The expected mean value of that demand that not supplied in accordance to                 

the condition �	larger than	�. 
The raw data used in this paper were extracted from the IEEE 1996 RTS[4]; it will be 
used to build LPT and COPT and then convolving the two tables to get the risk indices, 
LOLE hourly or daily. The Load Probability Table (LPT) is representing to the discrete 
load probability distribution, the same thing with respect to Capacity Outage Probability 
Table (COPT) that is representing to discrete generation probability distribution. 

Load Probability Table (LPT) 

Establishment of Load Probability Table (LPT) by applying experimental probability 
distribution, three tables of IEEE 1996 RTS were used for this purpose 
(Fig. 2) shows the following primary load data 

•  Daily peak load (7 days). 

•  Weekly peak load (52 weeks). 

•  Hourly peak load (24 hours).  

•  

 

Figure 2: handling of primary load data 

 
The hourly chronological load is can be constructed by applying the equation (2)  
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����� �����																																																																																																																															�2�
�

 

Where 

��� : Number of hours at load level	��. 
� : Total hours in whole period  �∑ ���. 
The load level has been sorted from up percentage values to down percentage values   
Where: 

• The highest value equal to 100% of peak (2850MW). 

• The lowest value equal to 0% of Peak (0MW). 

• The class interval (width) is 2850* 1%=28.5MW. 
(LPT) shows the iteration of range values of loads during specified class interval (Width) 
can be determined. Therefore the exact probability can be determined as follow: 
The iteration number of load values during specified class interval (Width) divided by 
population (the number of all levels) whether   Hourly Peak Load or daily peak load. 
There is the value of cumulative probability for each load level; this value can be 
obtained by the Equation (3)[6]. 

���  ��� ��!����																																																																																																										�3�						
�#�

 

 

.for instance consider the class width interval from 100% of peak (2850MW) to 99% of 
peak (2821.5MW). 

• The iteration number of load values during specified class interval (Width) 

�100%	�%	99% � 2850)* � 2821.5)*� Equal 2. 

• This is meaning that			+,-./-012 � 2.	
• This is meaning that   �34567 � 8

9:;< � 0.0002 

Where: 

• �34567 : Exact Probability. 

• �6=

 : Commutative Probability. 
 

            In order to combine the three tables (daily, weekly, and hourly), the software package has been 
implemented using MATLAB for establishing the Load Probability Table  

            The computer code classified and discriminated the hourly peak load during the different 
semesters (winter, summer, fall, spring), and during different days (weekend and weekday).the 
result of this process by MATLAB computer code is obtaining the discrete values of hourly 

peak load�52 > 7 > 24 � 8736	BCD1,-�-	E��/-D� during  a year. The computer code will 
manipulate the discrete value as experimental data; the result of this manipulation is obtaining 
discrete Load Probability Table (LPT). 

Capacity Outage Probability Table (COPT) 

There are numerous and different types of generating units in electrical power system. For 
simplicity, we will consider the dual state for each unit, up or down. Because of the power 
system generation includes hundreds or thousands units, so the manual calculation to enumerate 
system states and calculations of state probabilities is very difficult.the recursive algorithm can 
solve this problem by sequential iteration for addition of the generation unit one after another, 
and updating the cumulative probability. 

 
The idea is based on launching the Capacity Outage Probability Table with single generating 

unit as shown in (Table 5) the table is being updated continuously by addition 0�F	unit by unit 
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until the last unit of generation system. In every time of addition, the cumulative probability is 
updated. 

 
 
 
 
 

Table 5: Probability Model for a Single Generation Unit. 

• 1 : Effective capacity of the generating units. 

• . : FOR (Forced Outage Rate). 

This approach has been implemented by applying Equation (4). 
!���� � !�G����. !�0� H !�G��� � I��. !�I��																																																																		�4� 

Where: 

• !�G����: is the cumulative probabilities of the capacity outage state of 

�)*	K-+%,-	�F-	/0C�	CD	�BB-BError! Reference source not found.. 

• !����: is the cumulative probabilities of the capacity outage state of 

�)*	�+�-,	�F-	/0C�	CD	�BB-B. 
• !�G���� � 1, For � L 0			�0B	!�G���� � 0	%�F-,MCD-. 

 
By considering the following initial conditions 

• �34567	of no outage is !�0� � 1 � .	 
• �34567		of full outage is	!�I�� � .�.  

 
So the equation (4) has been modified to become the following equation: 

!���� � !�G����. �1 � .� H !�G��� � I��. .�																																																																																									�5� 
By iterative using for equation (5), we can get values of both �34567	and�6=

. 

            This is valid for each state of updated table until the last addition unit for generation 

system. The iteration process that has been executed to get both �34567	and	�6=

 by 
using recursive algorithm, based on the increment value equal to 1MW.This is executed 
by computer software package which is written by Visual Basic for establish the Capacity 
Outage Probability Table (COPT) using the recursive algorithm including in Equation 4.9 
based on the plant data of the IEEE RTS 96, by referring to the IEEE RTS “Plant 
Data”[4]. The generation system Risk Assessment and modeling is executed in the 
worksheet Excel “COPT” by Visual Basic SOURCE CODE.A step of increment is 
entered by the input X step of the “COPT" Visual Basic SOURCE CODE. By running 
the computer code “COPT( ) Visual Basic SOURCE CODE”, each generating units in 
Plant Data [4]will be added unit by unit according previous determined step of increment 

(1MW) to get both �34567	and�6=

 by using recursive algorithm. (COPT) is the 

outcome of using the recursive algorithm by implementing equation�5� . 
 

Capacity, 

MW 

Loss of Capacity, 

MW 

�34567 
�� 

�6=

 

 

� 

c 

0 

0 

c 

1 � . 

. 

1 

! 
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Risk indices 
Generation capacity and load demand can be easily convoluted based on the state 
probability for each of them as independent variables from each another, meaning that 
while the state of any one of them is changing (dual state: up or down) the other is not 
change and vice versa .The convolution between generation source and required load 

gives a collection of discrete margins values	)N. The system margin is nothing more 
than the variance between the generation and load. Therefore, the switching between 
different states can be executed by a modification in load demand or a modification in 
generation source, provided that both generation capacity and load demand not change in 
the same time. The probability of the margin state is equal to the probability state of 
generation capacity multiplied by the probability state of load demand as shown in 
Equation (6). 

!�)O� � !�I��. !����																																																																																																														�6� 
As soon as we have estimated the �34567	 of margin states, the �6=

  can be deduced by 
using equation (7).the symmetrical margin states can be obtained by different 
combination of generation capacity and load demand. These symmetrical values are 
independent, and we can add up all the individual exact probability using Equation (7). 

Suppose margin state )N	made up of P	identical margin states: 

!� ��!�
Q

���
																																																																																																																																	�7� 

For risk index, we interest in the first negative margin to obtain the loss of load 
probability (LOLP) as probability factor, with respect to severity factor we can consider 
the total number of hours or days in a year, and then Loss of Load Expectation (LOLE) 
will be identified. 

�R�S	�C0	F%/,D	!-,	2-�,�
� 	 TI/�/���CE-	!,%K�KC�C�2	%+	�F-	+C,D�	0-U��CE-	��,UC0V	�	8760
� 	12.138071	F%/,D	

 

�R�S	�C0	B�2D	!-,	2-�,�
� 	 TI/�/���CE-	!,%K�KC�C�2	%+	�F-	+C,D�	0-U��CE-	��,UC0V	�365
� 	0.505753	B�2D	

 
 

 Referred to the computer algorithm application, the  �6=

 of the specific state can be 
identified by using Equation (8). 

!�)� ��!���
W

���
�. !X��Y																																																																																																						�8� 

The software package that identifies the LOLE is shown in Table (B3).  
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Risk Control 

Risk Control step is corresponding to the improvement step in total quality process (Plan-
Do-Check-Improve), it is means the Procedures to be executed to eliminate or reduce the 
risk to a reasonable value. If a risk assessment process identified a hazard as having 
unreasonable risks, it must be to localize in place control procedures to eliminate the risk 
or reduce the risk to a reasonable value. The hierarchy of control list usually comprises: 
Elimination, Substitution, Isolation, Engineering Controls, Administrative   controls. 
In the plant data table of case study (IEEE-RTS 96), the forced outage rate 
(Unavailability) of every unit group can be reduced as probability factor of risk index and 
check the Loss of Load Expectation (LOLE) as Severity factor. These procedures can be 
executed to reduce the risk index to reasonable value, and measure the residual risk. The 
risk matrix can be included the previous values and give the clear picture of the risk 
assessment process. We will execute the following procedures in order to establish the 
risk matrix for the case under study: 

1. Consider the (FOR) Group as probability. 
2. Consider the (LOLE) as severity. 
3. Change the value of (FOR) #0, unit group (9), from (0.12) to (0.1), in order to 

become (FOR) #1. 
4. Change the value of (FOR) #1, unit group (8), from (0.08) to (0.07), in order to 

become (FOR) #2. 
5. Change the value of (FOR) #2 unit group (7), from (0.05) to (0.04, in order to 

become (FOR) #3. 
6. Change the value of (FOR) #3 unit group (6), from (0.04) to (0.03, in order to 

become (FOR) #4. 
7. Change the value of (FOR) #4 unit group (5), from (0.04) to (0.03, in order to 

become (FOR) #5. 
8. Change the value of (FOR) #5 unit group (4), from (0.02) to (0.01, in order to 

become (FOR) #6. 
9. Change the value of (FOR) #6 unit group (3), from (0.01) to (0.005, in order to 

become (FOR) #7. 
10. Change the value of (FOR) #7 unit group (2), from (0. 1) to (0.05, in order to 

become (FOR) #8. 
11. Change the value of (FOR) #8 unit group (1), from (0. 02) to (0.01, in order to 

become (FOR) #9. 
12. Run the program (a computer model is created using MS Excel) for each step 

executed to change values, and record the new values of (LOLE), starting from 
step (3) until step (11). 

13. Record the changed values of all (FORs) of unit groups, and record these values 
in Groups of (FOR) (Table ٦)  and Record (FOR) Groups as (Probability 
versus Severity) (Table 7)   

Construct the Risk Matrix to show rank of risk, risk control, and residual risk. The Risk 

Matrix is shown in (Table 8) 

 

Table ٦: Groups of (Forced Outage Rate) 
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Table 7: Forced Outage Rate Groups versus Loss of Load Exepectation 

(Probability versus Severity). 

 

 
 

Comments 
• The Risk matrix has been established to show the relation between 

probability and Severity. The impact of risk control process has been 
recorded in (Table 6) and (Table 7). 

• Risk Matrix informs us when to reject the risk and when to accept the risk. 

• In this paper, the Risk Matrix is simple graphical tool that help us to 
combine (FOR) as probability Factor and (LOLE) as Severity factor. 

•  (FOR) parameter plays the axial role in reliability of generation system, 
so it should be improving the (FOR) by caring the periodic maintenance 
and efficient operation in order to reduce the probability factor of risk 
index. 

• Every generating unit does not work in the electrical power system alone, 
but each component affect whole system, this is evident from (Table 6) 

Unit 

Group

Forced 

Outage 

Rate #0

Forced 

Outage 

Rate #1

Forced 

Outage 

Rate #2

Forced 

Outage 

Rate #3

Forced 

Outage 

Rate #4

Forced 

Outage 

Rate #5

Forced 

Outage 

Rate #6

Forced 

Outage 

Rate #7

Forced 

Outage 

Rate #8

Forced 

Outage 

Rate #9

Gr U 0 U 1 U 2 U 3 U 4 U 5 U 6 U 7 U 8 U 9

1 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01

2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.05 0.05

3 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.005 0.005 0.005

4 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.01

5 0.04 0.04 0.04 0.04 0.04 0.03 0.03 0.03 0.03 0.03

6 0.04 0.04 0.04 0.04 0.03 0.03 0.03 0.03 0.03 0.03

7 0.05 0.05 0.05 0.04 0.04 0.04 0.04 0.04 0.04 0.04

8 0.08 0.08 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07

9 0.12 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

Probability Severity
FORCED OUTAGE RATE GROUPS LOSS OF LOAD EXEPECTATION (LOLE)hr

U 0 12.13807098

U 1 11.15855517

U 2 10.94404386

U 3 10.595309

U 4 10.22198135

U 5 10.0449537

U 6 9.868802693

U 7 9.787875858

U 8 9.61832807

U 9 9.59614846
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and (Table 7) where the improving in the forced outage rate has been 

accumulatively executed starting from  Z% until  Z9 , and this leads to 
improvement the LOLE from (12.13807098 hours) to (9.59614846 hours). 

• Because of the correlation between the (FOR) as Probability factor and 
(LOLE) as severity factor, the improvement in Forced Outage Rate (FOR) 
has positive impact on the LOLE, 

            This is evident from (Table 6) and (Table 7). 

 

 

Table 8: RISK MATRIX 

 
 
The Risk Matrix has been formulated as quantitative matrix to match with selected 
factors, probability (FOR groups) and severity (LOLE).The direction of Risk control as 
shown in (Table 8) shows the positive impact of probability in Risk index; also it is 
showing the positive impact of changing severity in risk index, .Both positive changing 
for Probability and severity lead to the positive impact in risk level of the system under 
risk management process.  The value of residual risk   shows positive impact after Risk 
control step. 

• The risk Matrix shows	�F-	�C0C�/�	,CDN	C0B-� � 9.59615	F%/,D. 
• The risk matrix shows �F-	���C�/�	,CDN	C0B-� � 	12.1381	F%/,D. 

The values which are between maximum and minimum values have been exhibited to 
clarify the different values of risk levels and residual risk and can be considered as 
Hidden Failures because they result in loss of power or load without necessary outage. 

IV. Conclusion 
This work investigates the positive impact of systemic definition of hidden failure that 
has been suggested in Risk Assessment Process. This definition include whole system 
(Electrical Power System) rather than the old definition that belongs only partial system 
(Electrical Power System Protection), also this work ascertains the correlation between 
the Risk Assessment Process and Hidden failure. This positive impact has been 
investigated by FMEA methodology that has been implemented in power system 
maintenance, where the (HF) case has been discovered as series schedule because it leads 
to loss of power or load without necessity, where EENS of schedule 1 is higher than 
EENS of schedule 2 by 62.11 MWH. 
In power system generation, the convoluting technique and recursive algorithm has been 
implemented in IEEE-RTS 96 as the case study to obtain the Risk Index. This case study 
has been executed by obtaining (LPT) and (COPT).The software package has been 
implemented using MATLAB for the establishment of the (LPT). The recursive 
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algorithm has been used to build discrete (CPOT) by Visual Basic SOURCE CODE that 
was executed in the worksheet Excel “COPT” in order to compute System states of 
capacity outages   for generation units. 
Generation capacity and load demand can be easily convoluted based on the state 
probability for each of them. The convolution between generation source and required 

load gives a collection of discrete margins values	)N. The system margin is nothing 
more than the variance between the generation and load. For Risk Index, we interest in 
the first negative margin to obtain the loss of load probability (LOLP) as probability 
factor, and the total number of hours or days in a year as severity factor, and then 
multiplication resultant is (LOLE). In this paper, Risk Matrix is simple graphical tool that 
help us to combine (FOR) as probability factor and (LOLE) as Severity factor. (FOR) 
parameter plays the axial role in reliability of generation system, so it should be 
improving the (FOR) by caring the periodic maintenance and efficient operation in order 
to reduce the probability factor of risk index. Generally, Risk Matrix shows the relation 
between probability and Severity and informs us when to reject the risk and when to 

accept the risk. The direction of Risk control shows the positive impact changing of 

probability in Risk Index; also it is showing the positive impact changing of severity in 
Risk Index. The Risk Matrix shows the minimum Risk Index and the maximum Risk 
Index. The values which are between maximum and minimum values have been 
exhibited to clarify the different values of risk levels and residual risk and can be 
considered as (HF) because they result in loss of power or load without necessary outage. 
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SUMMARY 

 
Since the first decade of this century, the Egyptian Electricity Sector has been facing problems with regards 

to the required generation capacity. The combined population increase and economic growth have been 

resulting in an electrical load that was outgrowing the capacity of the installed generation. This was 
especially the case during the summer months, where load shedding and voltage problems were expected. 

The Management of the Electricity Sector has been working hard to tackle these problems with a fast-track 

generation capacity program and the commissioning of three Siemens combined-cycle power plants for a 

combined installed power of 14.4 GW. The Ministry of Electricity is also planning several steam tailing 

projects and the commissioning of a further 7.2 GW of wind power to the network by 2022 in line with the 

Egyptian strategic renewable energy plan. With these developments, Egypt is positioning itself as a regional 

energy hub. However, it is also clear that the dramatic increase in power flows can only be accommodated 

by a strong transmission system and that reinforcements to the current transmission system will be needed. 

In 2015, Siemens and the Egyptian Electrical Transmission Company (EETC) started a program of studies 
to asses which transmission network concepts and reinforcements will be needed over the next 10 years 

(2015-2025). The studies focused mainly on 500 kV and 220 kV and consisted of the following phases: 

• Phase 1: Construction of a highly detailed and up-to-date PSS®E model of the 2015 status of the 

Egyptian transmission system as a basis for further planning. 

• Phase 2: Development of a long-term transmission system concept for the year 2025 and identification 

of required investments. 

• Phase 3: Development of a 2018 transmission system development plan considering limited tendering 

time, as well as the target 2025 architecture identified in Phase 2. 

This paper presents and describes some of the findings and recommendations of these planning studies as a 
case study. The initial findings are summarized as follows: 

• The proposed 500 kV network of overhead lines shows no bottlenecks and can transport the generated 

power without limitations. The 500 kV transformer substations however are showing limited capacity 

shortages and are hence the bottleneck of the 500kV system 

• A general shortage of transmission capacity is encountered both in the 220 kV network and the 220 

kV demand transformer stations. 

• Both the 500 kV and 220 kV networks show very high levels of short-circuit power, mainly around 

the Cairo area. This is one of the most important drivers for the selection of particular network 
configurations. 
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1. INTRODUCTION 
 

The Egyptian Electricity Sector faced shortages in the generation system in the past years, mainly with 

respect to generation capacity. Given the recent economic growth and related increase in power demand, 
this issue became ever more critical. The generation shortages, together with performance issues in the 

transmission network, frequently led to voltage problems and even load shedding especially in peak 

times during summer. In order to mitigate these issues, the management of the Electricity Sector defined 

targeted and explicit measures: 

 

• The first measure was the installation of so-called “fast track generation capacity”. This term refers 

to typically smaller generation units that are strategically placed throughout the system with special 

focus to improve system stability and voltage performance. In total, 3.6 GW were installed from 2011 
to 2016.  

• The most important measure was the contract with Siemens in 2015 (“megadeal”) to install three 

large gas-fired combined cycle power plants, using latest and most efficient technology. In total, 

these plants in Beni Suef, Burullus and New Capital (see Figure 1) can deliver 14.4 GW from 

commissioning in May 2018 [1].  

• Of course, Egypt also delivers on its renewable target to produce 20% of the electricity from 

renewables (hydro, wind, PV) by 2022. Concretely planned projects in the coming years comprise 

7.2 GW of wind power projects (targeting at 12% electricity production; including 2 GW in the 2015 

Siemens contract) and ~2.5 GW of PV projects (targeting at 2% electricity production) [2].  

• In addition, the long-term development plans consider further generation projects – e.g. Dabaa 

nuclear power plant, coal fired power plants, new gas-fired power plants (and conversion of open 
cycle into combined cycle plants).  

• All these measures in the generation system need to be accompanied by appropriate measures in the 

transmission networks.  

 

 
Figure 1 Illustration of Siemens “megadeal” generation projects in Egypt 

 

In order to develop an updated master plan for the Egyptian power transmission network, Egyptian 
Electrical Transmission Company (EETC) together with Siemens started a related study project. The 

project first analysed the as-is scenario in 2015, then the long-term scenario in 2025 (10 year time 

horizon) and finally the short-term scenario in 2018, when the new Siemens power plants are 

commissioned (see Figure 2). In addition, also the sub-transmission networks are reviewed. This paper 

presents and discusses the key findings for each of these project phases.  
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Figure 2 Planning loop for long-term transmission system planning 

 
 

2. 2015 STATUS OF THE EGYPTIAN TRANSMISSION NETWORK  
 

Before looking into future scenarios, a base “as-is” snapshot model of the Egyptian transmission system 

had to be developed in PSS E [3]. This represents the 2015 network conditions, since this is when the 

study project started. In order to make sure the model is a realistic reflection of actual network 

conditions, a validation against SCADA measurement data was carried out. 

The transmission network comprises the 500 kV and 220 kV voltage levels in the seven system zones 
South Upper Egypt (1), North Upper Egypt (2), Canal (3), Cairo (4), Delta (5), West Delta (6) and 

Alexandria (7), see Figure 3. For 2015, peak demand was 28.7 GW (minimum demand was 14.4 GW) 

and the installed generation capacity was 35.2 GW [2].  
 

   
Figure 3 Egyptian transmission network diagram, scenario 2015 

 
The performance of the 2015 transmission network was analysed by means of different steady-state 

network calculations: load flow analysis, N-1 contingency assessments and short-circuit current 

calculations. The analyses identified several violations of the grid code requirements [4] and equipment 
specifications: 

• Voltage performance: At the 220 kV voltage level, several substations are outside the admissible 

voltage profile already in normal operation (mainly undervoltage).   

The voltage profile has to be improved by both structural measures (i.e. grid expansion, where 

capacity bottlenecks contribute to voltage issues) and operational measures, especially automatic 
control of the transformer tap changers.  

• Short-circuit currents: Tight meshing in the 220 kV network not only impairs the intended function 

of the 500 kV network as the main national transmission level, it also leads to high short-circuit 

levels, with several substations facing possible short-circuit currents above the equipment ratings 

(mostly 40 kA). It is noted that the short-circuit analysis methodology was expanded to consider 

contributions from motor loads – but even without load contributions, several substations are above 

their short-circuit rating already. 

Data 
collection

Actual 
System

2015

Long Term
System

2025

Recommended 
transmission network

Short Term 
System

2018
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• N-1 security: 

o At the 500 kV voltage level, several contingencies of 500/220 kV transformers are not N-1-secure. 

This clearly indicates capacity shortages in the coupling of the 500 and 220 kV voltage levels, 

which also poses a risk to the reliability of the 220 kV bulk supply points feeding into the lower 
system levels.  

o While a large number of 220 kV lines is very lightly loaded (<20%), several lines are highly 

loaded (up to, and even above 100%) as well, hence also causing N-1 security issues. For the 

highly loaded lines, appropriate measures to relieve the loading need to be implemented – either 

changes to the overall power flow patterns (by e.g. adapting generation dispatch and/or network 

switching configuration), or re-enforcements of the critical lines.  

The overall network concept for the Egyptian transmission system relies on the 500 kV network as the 

main national, interconnected transmission network, with the underlying 220 kV network focusing on 

reliable supply of the bulk supply points feeding down into the 132 or 66 kV sub-transmission level (and 
then further down into distribution, see Figure 4. Generation units are connected to both 220 and 500 

kV levels, with new generation units concentrating on the 500 kV level. In general, this network concept 

is suitable also for the future requirements posed on the Egyptian power system – and should be 
implemented thoroughly in the development scenarios.  

 

 
Figure 4 EETC transmission network concept  

(note: no further development of 132 kV sub-transmission level) 

 
Although the fundamental network structure is suitable for future development, the abovementioned 

performance issues and bottlenecks need to be addressed. The development of future system scenarios 

needs to focus on these issues, and at the same time accommodate the expected load increase, as well as 
the significant changes in the generation capacity and generation patterns in the Egyptian system.  

 

 

3. 2025 SCENARIO FOR THE EGYPTIAN TRANSMISSION NETWORK  
 
By 2025, a national peak demand of 48.5 GW is expected, which means an increase of 70% or 19.8 GW 

in comparison to 2015. Considering the performance challenges in the 2015 system, this significant 

increase in system load requires appropriate and significant measures to accommodate the expected 
growth and to ensure grid code compliance. Key measures are the following: 

 

• The 500 kV network level needs to be fully established, and fully enabled, to act as the main backbone 

of the interconnected Egyptian power system. Especially, long distance power transfers have to be 

routed in the 500 kV level. Please note that this implies changes in the underlying 220 kV system. 

• Given the predominant importance of the Cairo Region in Egypt, security and quality of supply for 

this region are essential. As the absolute load centre, adequate and flexible feed-in from the 500 kV 

network into the metropolitan area, and proper integration into the national 500 kV transmission 

network are required. In this context, the extension of the 500 kV infrastructure into a double ring 

around Cairo is proposed, along with supporting 500 kV development measures.   

• With the pronounced geographic concentration of both load and generation, and the high degree of 

meshing in the 220 kV network, short-circuit currents in the Cairo Region are systematically 

excessive. A split of the Cairo 220 kV network is the most effective and cost-efficient way of tackling 
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this challenge. A split is proposed based on the removal of lightly loaded 220 kV lines, as well as the 

elimination of multiple loops between adjacent 500 kV substations. In case line opening based on 

these criteria is not possible (e.g. due to significant violations in specific contingency scenarios), 

busbar splits are proposed. These measures also improve the short-circuit levels in other parts of 

Egypt that were facing issues with high short-circuit currents.  

• These considerable changes in the network topology require additional transmission lines and 

autotransformers in 500/220 kV substations to comply with the network planning criteria in normal 

operation as well as in contingency operation. In comparison to 2015, an additional 10,000 km of 

500 kV circuits, 3,150 km of 220 kV circuits and around 100 500/220 kV transformers are required 

in the upcoming years. Figure 5 shows the diagram of the final 2025 transmission network scenario, 

as aligned within the EETC and Siemens project team. This scenario completely complies with EETC 

steady state planning criteria. 

• A new HVDC interconnection with Saudi Arabia is also considered in this scenario.  

 

The technical feasibility of the proposed network measures and resulting scenario are evaluated for five 
different operating conditions, which represent the expected range of load/generation patterns in 2025. 

These operating conditions cover also cases with minimum load (38.8 GW, including ~11 GW of 

exports), as well as different generation dispatches, in particular variants with high infeed from 

renewable energy sources (wind and PV) and high levels of international power exchange.  

 

 
Figure 5  Egyptian transmission network diagram, scenario 2025 

 
Looking beyond 2025, the highly dynamic development of the Egyptian power system will continue. In 

order to cover the expected further increase of both domestic power demand and also international export 

opportunities, major generation projects such as the Dabaa nuclear power plant (1.2 GW by 2025, 4.8 
GW by 2028) or coal power plants (6 GW) are in concrete planning and tendering. Besides, there will 

be further investments into efficient gas-based generation, and of course massive expansion of 

renewable energy source (wind and PV). Besides the adequate expansions of the national transmission 
network, especially interconnections to neighbouring countries are being planned – both expanding 

existing interconnections to Libya and Jordan, and building new interconnections e.g. to Cyprus, Greece 

or Sudan.  
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4. 2018 SCENARIO FOR THE EGYPTIAN TRANSMISSION NETWORK  
 

The discussed assessment of the 2025 scenario resulted in a target network structure and a set of required 

long-term transmission system development measures. The exact timeline and priorities for the 
execution of these measures depend on the evolution of demand and generation in the medium and short 

term. In that respect, the year 2018 was an important milestone with the commissioning of the three 

Siemens 4.8 GW CCPP’s and was therefore investigated as a separate scenario. 

 

The development of the short-term plan starts with EETC defining a base case model including all the 

projects that are expected to be commissioned by 2018. The 2018 system models consider both steady-

state data - which is used for a detailed steady-state analysis comprising load flow, contingency, and 

short-circuit analyses - as well as dynamic data and models in order to evaluate the dynamic behaviour 

of the generation units and their interactions in the system. This step requires especially the accurate 
representation of the structure and parameters of the power plant controllers. Starting from this base 

model, the so-called enhanced model is developed that meets all objectives in the best possible way.  

 
The following points describe the main results of the 2018 network analysis: 

 

• From 2015 to 2018, the short amount of time does not allow to construct and commission all measures 

that are required to solve all the ascertained violations and bottlenecks. The execution of a select 

number of prioritized measures nevertheless enhances the performance of the existing network 

significantly.  

Figure 6 shows the status of the final transmission network scenario in 2018, as aligned within the 

EETC and Siemens project team, and the voltage profile in normal operation. 

• Especially, the 2018 scenario considers the expected system peak load, which typically occurs in 

August. Three important 500 kV substations are thus not considered in the 2018 scenario, because 
they will be commissioned later than August – October, East Sohag and Asher.  

• The base case loading violations can be removed completely with the proposed development 

measures. The cumulative length of 500 kV lines is more than doubled from 2015 until 2018. As a 

result, there are no overloaded lines or overloaded 500 kV transformers, neither in normal operation 

nor during contingencies. 

• The cumulative circuit length of the 220 kV network increases by ca. 3,000 km. Although the length 

of overloaded 220 kV circuits can be reduced to zero in the enhanced case, the line loading of some 

220 kV lines in normal operation is still very high as shown in Figure 7. This implies that the N-1 

criterion for specific 220 kV line outages cannot be fulfilled at this point in time. 

• In addition to EETC’s proposal to open 28 circuits in order to control the short-circuit levels (i.e. to 

ensure all short-circuit currents are below 50 kA), further 17 locations have been identified for busbar 

splits.  

o Two of them are the 500 kV busbars at Cairo500 and Burullus PP - splitting those busbars reduces 

the short-circuit currents below 50 kA at all 500 kV substations.  

o The remaining 15 open points are one 220 kV bus and 14 220 kV lines/cables and are required in 

order to reduce the fault levels at various points in the 220 kV networks. 

 
Apart from the abovementioned steady-state studies, the 2018 scenario is also investigated in terms of 

dynamic stability. This is important in order to assess the impact of the large amount of new generation. 

The main results are as follows: 
 

• The dynamic stability is analysed in terms of active power oscillations and voltage recovery at the 

500 kV voltage level.  

o Two types of events are considered: A 500 kV line tripping without a fault, and a fault event on a 

500 kV busbar with fault clearing after 250 ms by opening the 500 kV lines at both ends.  
o The investigations show that in most cases the post-event voltages are well within the emergency 

voltage range and the transmission system remains stable.  

o However, for the maximum load scenario in the base case, five fault events result in instability 
with minimum one generator losing synchronism after fault clearance. Furthermore, events 

involving the single 500 kV transmission line to Taba have also been identified for possible 

voltage drops below emergency limits. 
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• The stability limit of all generators is determined with a three-phase short-circuit at the high voltage 

side of the unit transformer. All power plants connected to the 500 kV voltage level maintain stability 

for a fault duration of 250 ms. Only the units at Oyoun Mousa have a transient stability limit that is 

just below 250 ms in the maximum load scenario. 
 

  
Figure 6  Egyptian transmission network diagram, scenario 2018, voltage profile 

 

 
Figure 7  220 kV line loading vs. cumulative circuit length, scenarios 2015/2018 
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5. ANALYSIS OF SUB-TRANSMISSION NETWORKS  
 

With the key bottlenecks in the generation and transmission level being solved, the performance of the 

sub-transmission level is gaining weight for the actual quality of supply of end-customers (along with 
the distribution level). The sub-transmission system is predominantly fed from the 220 kV level and 

comprises mainly the 66 kV network level, and in certain regions 132 kV network level (see Figure 4). 

In order to assess the status of the 66 kV and 132 kV sub-transmission networks, a clear methodology 

for steady-state analyses (power flow, contingency, short-circuit currents) is developed and applied to 

the separate sub-transmission zones. Based on these analyses, recommendations are derived to enhance 

the sub-transmission system performance and to mitigate bottlenecks and grid code violations.   

 

The analysis is based on the 2017 steady state models for the respective maximum load cases, which are 

compiled by EETC. The analysis methodology was developed and first applied to the pilot zones 1 and 
2 (South/North Upper Egypt). Key results for the Upper Egypt Sector are:  

 

• The short-circuit analysis shows that the maximum three-phase short-circuit currents stay below 

90 % of the switchgear rating at all substations. 

• In normal operation, there is one 132 kV double circuit (with a length of 3.5 km) which slightly 

exceeds the permissible limit of 90% loading. On the 66 kV level there are seven double-circuits 

(64.4 km in zone 1 and 108.5 km in zone 2) which are overloaded. The contingency analysis points 

out several cases resulting in very high line loadings and violations of grid code requirements. 

• On the 66 kV level the upper voltage limit for normal operation is exceeded at several substations if 

the transformers are operated with fixed taps. Applying automatic tap adjustment (voltage at 

controlled bus shall be between 0.95 pu and 1.05 pu), the upper voltage limited is not exceeded, but 
the lower voltage limit for normal operation is violated at several substations for all tap control modes 

in both zones. 

• However, load flow and contingency assessment show the best voltage profile when the transmission 

transformers are allowed to automatically adjust their tap positions. It is therefore recommended to 

activate the automatic tap adjustment at all transformers with on-load tap changers. Alternatively, if 

the tap adjustment must stay on manual tap adjustment, it is recommended to set the transformer taps 

to the optimum tap position.  

• The next step towards resolving these voltage profile violations is to investigate the characteristics 

and parameters of the sub-transmission feeder’s conductor sizes and lengths. A voltage drop 

calculator has been developed to help planners finding an adequate conductor type in terms of cross-
section and rating which in turn helps to improve the voltage. 

 

The EETC system planning teams are applying the developed methodology to the remaining sub-

transmission zones in Egypt and are analysing details for relevant performance issues, as well as 

developing mitigation measures.  

 

 

6. IMPLEMENTATION OF DEVELOPMENT MEASURES  
 

The masterplan developed for the Egyptian power transmission network recommends many measures 
to upgrade or expand the system in order to be able to transfer the growing consumer demand in a safe, 

reliable and cost-effective way. The implementation of these recommendations rests with the network 

owner and operator. EETC has already started working on developing details on the high priority 

measures, and also implementing the first measures proposed from the master plan:  

 

• Upgrading the capacity of 500 kV substations 

Development/construction of two new 500 kV substations: 

o “South Project 110”: 500 kV substation with capacity of 2x 750 MVA transformers, which is 
important for decreasing the high loading on the Zahraa Elmaadi substation transformers. 

o New Bassos 500 kV substation with capacity of 3x 750 MVA transformers, which is important 

for decreasing the loading on the transformers in the existing Bassos substation. 
o Adding 500 kV transformers in the substations Abo Kir, Kurimat, and Taba. 
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• Upgrading the capacity of 220 kV overhead lines and cables 

Three new 220 kV lines are added to the rehabilitation plan of EETC (ATFF – SIDI SALEM; 

B.ARAB – OMID; SHABAB – ZAGAZIG).  

With some lines, also high-temperature conductor technology is evaluated and will be implemented 
as the most cost-effective measures to increase the transmission capacity of the relevant overhead 

lines.  

 

Also, loading on certain critical 220 kV lines will be decreased by splitting the busbars in selected 

terminal substations:  

o October G2 - Hadaba2 cable, after splitting Zayed substations until the construction of East 

extension substation is finished,  

o BADR - BADR2 overhead line, after splitting of BADR2 substation,  

o C.500 - HADABA2 cable, after splitting of HADABA2 substation. 
 

The following 220 kV line loadings will be decreased after the construction of relevant new 

substations: 
o Cairo North – Bahteem 2 cable, after construction of New Bassos 500 kV substation 

o Gamalia – Domiat (1) overhead line, after construction of West Domiat 500kV substation 

 

• Upgrading the switchgear breaking capacity (for new substations) 

Given the fact that high short-circuit levels are one of the key issues in today’s power transmission 

system, and with the expected increase in demand and generation capacity also will remain a critical 

aspect in future, the EETC planning methodology is adapted accordingly. For any new substation to 

be constructed in the network, especially in the Cairo zone, the required short-circuit capacity of 
switchgear is increased to 63 / 50 kA in the 220 / 500 kV networks, respectively. 

 

• Reconfiguring the 500 kV network to reduce short circuit on the 500kV level 

EETC is studying the possibility and available options of constructing new 500 kV lines in the North 

Cairo region, especially between substations Cairo 500 and Abozaabal. This will support the required 

split of the 500 kV network in this area, which is needed to maintain short-circuit currents within 

admissible levels especially at substations Cairo 500, Bassos, and Cairo West.  

 

• Reconfiguring the 220 kV network to reduce short circuit levels (especially in Cairo Sector) 

The high level of short-circuit currents in the 220 kV network in the Cairo region requires the opening 
of several lines (overhead lines or cables), so that the impedance is increased and short-circuit 

currents are decreased. Due to operational aspects, EETC prefers not to decommission several of 

these lines. As an alternative, relevant busbars in the terminal substations of such lines will be 
separated in normal operation. Detailed investigations on these concepts are ongoing.   

It is noted that already in past years, during peak demand/generation scenarios, certain 220 kV 

substations were operated with split busbars in order to maintain short-circuit currents within 

admissible levels.  

 

As a large number of performance issues, and in consequence also of the proposed upgrade/expansion 
measures, are located in the Cairo Region, the practical implementation of these measures faces the 

additional challenge of space limitations in this densely populated and built area. Practical restrictions 

will require deviating, or innovative solutions in several cases. 
 

 

7. SUMMARY AND CONCLUSION  
 

The Arab Republic of Egypt is investing heavily into the electric power supply system, in order to meet 

the growing domestic demand and also to position Egypt as a “regional power hub”. Major steps that 

are being implemented are massive generation projects, e.g. three of the world’s largest combined cycle 

power plants with 4.8 GW capacity each. These investments into the generation sector also require 

corresponding and appropriate investments into the transmission and distribution networks.  

 

EETC and Siemens completed a comprehensive study project with the objective to develop a long-term 

(2025) development scenario for the Egyptian power transmission network, as well as to investigate 
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steady-state and dynamic performance in detail for the short-term scenario (2018). The project 

confirmed the suitability of measures proposed and scheduled already by EETC, and also recommended 

certain additional measures and changes to the overall planning criteria and methodologies. The 

realization of these measures and recommendations will safeguard that the Egyptian power transmission 

network will be fully capable to meet the defined objectives, and to operate within the grid code 
specifications at all times.  

 

EETC is already in the process of developing the details for the implementation of the recommended 

measures and changes; certain high priority measures are being implemented already. In consequence, 

with the current generation and transmission projects being commissioned in 2018, the generation and 

transmission levels will be capable to supply all domestic and international demands with world-class 

standards of security and reliability. 
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SUMMARY 

 

This paper is describing the inertia challenges which are already today one important issue that 

transmission system operators are facing. With the increase of renewable sources and reduction of 

the conventional rotating machines in the grid the kinetic energy in the electrical system is reducing 

and therewith, the inertia of the system. This leads to the problem of fast and deep frequency 

changes which in turn leads to load shedding or even blackouts. 

 

A possible solution has been presented in this paper, namely SVC PLUS Frequency Stabilizer. 

This new solution combines both voltage and frequency support. This innovative solution 

combines excellent features of the Modular Multilevel Converter based STATCOM for voltage 

support on one side and supercapacitors for providing short term active power boost on other side. 

 

On the example of Egypt the frequency behavior has been analyzed without and with SVC PLUS 

FS for years 2015 and 2030 at peak and low load scenarios. Due to the planned increase of the 

renewables in 2030 the outage of large generator unit in 2030 could lead to load shedding. With 

the implementation of the SVC PLUS FS the frequency and, thereby, the grid quality can be 

improved. 
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1. INTRODUCTION 

 
The integration of renewable generation leads to changes and new challenges in the electrical 

grids. Due to the replacement of conventional generation, by renewables via power electronics, 

the inertia in the grids will be reduced. The inertia i.e. the kinetic energy stored in one generator 

Ekin depends on the moment of inertia J and on the rotating speed ω of the generator i.e. 

frequency f: 

���� � 1
2 ⋅ 	 ⋅ 
� � 1

2 ⋅ 	 ⋅ �2
��� (1) 

The equation (1) gives the entire kinetic energy stored in the generator. However, in case of 

disturbance i.e. frequency deviation from nominal frequency fnom to minimum frequency fnadir 

only a part of the entire kinetic energy stored can be used i.e. Eav:  
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The inertia time constant Hgen of a generator can be calculated with the apparent power Sgen 

as: 
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From equations (2) and (3) it can be clearly seen that the available inertia time constant can be 

obtained for one generator or for the entire system: 
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 (5) 

 

With the reduction of the conventional generators the inertia in the grid will also be reduced. 

In [1] the estimation of the system inertia until 2030 in five European countries had been 

shown. It is clear that the system inertia will reduce significantly.  

 

Furthermore, since the new renewable generation is located at remote locations from the large 

loads it also has an impact on the voltage behavior and voltage stability of the grid. 
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2. CHALLENGES IN POWER GRIDS 

 

Already today in some power grids like Hawaii or South Australia there are severe problems 

due to the lack of inertia and correspondingly with minimum frequency fnadir and ROCOF 

(Rate of Change of Frequency) leading to load shedding (example Hawaii April 2013 – see 

Figure 1 or even blackout (example South Australia September 2016 – Figure 2). 
 

 
Figure 1: Frequency in April 2013 in Hawaii [2] 

 

 
Figure 2: Frequency in South Australia – blackout in September 2016 [3] 

 

In the case of Hawaii as shown in Figure 1, three levels of load shedding have been engaged. 

Due to this action frequency decreases very fast within few seconds and it has stopped when it 

reached app. 58.4 Hz. This ensured that the power system continued its operation. Whereas in 

the case of South Australia as shown in Figure 2, it led to the blackout of the entire system. 

 

In case of large disturbance in the grid, that causes significant imbalance between the power 

production and consumption, a large frequency deviation can occur in a very short timeframe. 

As a result, two different situations can occur: 

• Underfrequency – outage of a large generating unit or outage of an interconnector 

(which is used for importing the power) 

• Overfrequency – outage of a large load or outage of an interconnector (HVAC or 

HVDC - which is used for exporting the power). 

 

In the existing grids it has been shown that the more frequent and more dangerous frequency 

events are the power infeed outages (underfrequency). There are two reasons for these events: 
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firstly, outage of large generators which is much more often than outage of large loads (large 

loads of sizes several hundreds of MW are often rare). Secondly, disconnection of extensive 

generation is much easier from operation point of view. This can be clearly recognized in 

Figure 3, where all plots of frequency deviations in the transmission grid of UK outside of +/-

0.3 Hz range of the nominal frequency (50 Hz) in year 2014 are displayed. 

 

 
Figure 3: Frequency patterns in case above/below 50 +/- 0.3 Hz in UK in 2014 [4] 

 

The system frequency exceeded only twice 50.3 Hz in 2014. In both cases, the frequency 

changes were slow. This leads to the conclusion that they didn’t result from loads 

disconnection but were just normal operations. On the other hand, all the underfrequency 

cases were having fast and sudden drop in frequency caused most probably by a large 

generator outage in the grid. In all cases shown the frequency dropped rapidly to its minimum 

value fnadir. With increased portion of renewables i.e. reduced system inertia in the future the 

fnadir will be even lower. 

 

The analysis of different generation mixes, portion of renewables and outage sizes have been 

analyzed in [6]. It has been shown that systems with existing gas based conventional 

generation have shorter duration of first frequency swing, lower ROCOF, higher fnadir and are 

reaching their settling frequency relatively fast. On the other side the hydro systems have 

longer swing time, much higher ROCOF and much lower fnadir. Furthermore, their settling 

time is much longer. With increase of disturbance size, fnadir decreases and ROCOF increases. 

The same impact however with different magnitude was seen with increase of renewables i.e. 

generation connected via converters (e.g. wind, photovoltaic). 

 

In case of these grid disturbances the immediate grid frequency support is enabled by the grid 

inertia i.e. by the energy which is being stored in the form of rotating masses on the grid. This 

inertia in the grid prevents sudden frequency changes. However, the grid inertia is being 

reduced by increased penetration of the renewable sources like wind and PV which have little 

or no inertia – they are converter coupled. 

 

This is the reason why the topic grid inertia, its future development and impact on the grid 

stability is getting large attention in scientific research and industry development. For 

example, in [7] an overview of basics on the grid inertia has been given, with focus on the 

renewable penetration. Several papers had been already proposed for the mitigation of these 

issues like with PV in [8] or wind in [9]. 
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3. FREQUENCY STABILIZER – SVC PLUS FS 

 

As shown in previous chapters crucial issue is to overcome first several seconds until the 

primary/secondary active power reserves start acting – see Figure 4.  
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Figure 4: Frequency responses in time pattern 

 

Primary and secondary frequency responses are well known and used in the operation of 

power systems. The major issue is the inertial response i.e. the time until the primary 

frequency reserve comes in full operation. Depending on the different grid codes this time can 

be app 10-30 seconds.  

 

Main challenges for fast frequency response are: 

1. Increase the fnadir – to avoid load shedding (underfrequency) and generation 

disconnection (overfrequency).  

2. Reduce the ROCOF – to avoid the tripping of generating units 

 

For the application as a fast frequency response i.e. a bridge between outage and primary 

frequency response, here we have presented the SVC PLUS Frequency Stabilizer (also: SVC 

PLUS FS). 

 

3.1 DESCRIPTION 

 

The SVC PLUS Frequency Stabilizer is based on advanced STATCOM, a power electronics 

based Modular Multilevel Converter (MMC). It mainly serves as a Flexible AC Transmission 

System (FACTS) device for voltage compensation, especially for dynamic voltage support. 

 

Based on demands for fast frequency support (short time, high power) – see Figure 4, 

supercapacitors have been chosen as a provider of active power [10]. With this add-on feature 

introduced by supercapacitors, the exchange of active power with the grid and thus grid 

frequency support is provided accordingly. The SVC PLUS FS provides necessary fast 

frequency support to the system. The station layout of the SVC PLUS FS for 50 MW has been 

shown in Figure 5. 
 



 
 

Cigre Egypt 2019 

29 

 

 
 

Figure 5: Typical station layout of a 50 MW SVC PLUS Frequency Stabilizer station 

 

The main characteristics of the SVC PLUS FS are: 

• Active power: Pmax = +/– 50 MW 

• Available energy: 450 MJ (450 MWs) 

• Reactive power: Q = +/–70 Mvar 

• Operation in all 4 P-Q quadrants – simultaneously 

• Can address any voltage level – step up transformer 

• Footprint: approx. 2,565 m2 

 

One of the main features of the SVC PLUS FS is that it can provide both active and reactive 

power simultaneously. Since the voltage control is a mature feature, here only the active 

power modes will be detailed. 

 

3.2 ACTIVE POWER CONTROL MODES 
 

Two modes of active power control are implemented: droop (df) and ROCOF (df/dt). 

• Droop (df) mode: the active power output is linearly depending on the frequency 

deviation (see Figure 6a). Main parameters for setting this control mode are: 

-  db (deadband – no active power injection within these values). 

- fmax (frequency at which the SVC PLUS FS injects its maximum power – 

50 MW). 

• ROCOF (df/dt) mode: is activated once the ROCOF surpasses a critical limit, 

ROCOFlim, which is individually adjustable for each project. Active power 

(PROCOF) is either charged in case of over-frequency or discharged in case of 

under-frequency. In this case PROCOF is chosen to maximal active power 

provision of 50 MW – see Figure 6b. 
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(a) (b) 

Figure 6: Droop (a) and ROCOF (b) control mode of active power of SVC PLUS FS 

 

4. SVC PLUS FS IN EGYPT TRANSMISSION GRID 
 

The application of the SVC PLUS FS and its benefits have already been shown on different 

grids like UK [10], Ireland or Hawaii [11]. Here the possible impact on the transmission grid 

of Egypt has been analysed. 

 

For frequency analysis, a simplified grid of Egypt has been modelled. Two cases have been 

modelled for the years 2017 and 2030 – with peak and low load. In Table 1 the main input 

parameters of the grid used in the simulations are given. The values for 2017 are taken 

from [12] and for 2030 from [13]. Here the following has to be underlined: very high increase 

of the load (74 GW) and renewables (21.75 GW) up to 2030. The verification of these data 

was not in the scope of this paper. 

 
Table 1: Generation in operation for peak and low load scenarios in 2017 and 2030 

 
Load 

GW 

Gas/Steam 

GW 

Hydro 

GW 

Wind 

GW 

2017 Peak 29.4 26.9 2.24 0.25 

2017 Low 14.7 12.2 2.24 0.25 

2030 Peak 74.0 49.9 2.32 21.75 

2030 Low 37.0 12.9 2.32 21.75 

 

Dynamic behaviour of the gas/steam and hydro generators was modelled with typical 

automatic voltage regulators and governors -see Table 2. 

 
Table 2: Dynamic models of gas/steam and hydro generators used in dynamic model 

 Gas/steam Hydro 

Inertia H (s) 5 3 

Governor GAST2A HYGOV 

AVR IEEET1A ESST1A 

 

The outage of the largest generator block Kuriemat of 627 MW has been simulated for all 

scenarios. The frequency behaviours are presented in Figure 7. 
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Figure 7: Frequency behavior in different scenarios for Egypt in 2017 and 2030 by outage of 

627 MW generator in Kuriemat 

 

From obtained results it has been shown that in 2017 and in 2030 the system of Egypt is very 

strong and robust, especially in cases of peak load. This can be explained with the fact that in 

these cases large amount of the conventional power plants is in operation and an outage of 

627 MW in Kuriemat can be easily compensated by remaining generators. 

 

The impact of the SVC PLUS FS in scenario 2017 low has been investigated for the same 

event – see Figure 8. 

 

 
Figure 8: Impact of the SVC PLUS FS on the frequency in 2017 low scenario. 

 

It is clear from the diagrams that the SVC PLUS FS is supporting the frequency and 

increasing fnadir. The power of 50 MW is already giving a notable frequency support. Of 

course, the impact of 250 MW unit is improving the frequency for almost 0.05 Hz. The 

energy which is stored in SVC PLUS FS is enough for supporting the grid in case of generator 

outage. The droop control mode was triggered – see Figure 6a. 

 

In case of larger power outages which might be much higher than one generator in Kuriemat 

(e.g. outage of large interconnectors or planned HVDC Egypt-Saudi Arabia of 3000 MW) 

more detailed analysis will have to be made in order to avoid contingencies on both sides 
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5. CONCLUSIONS 
 

In this paper it has been shown that the lack of system inertia is already today becoming an 

important issue that must be solved. This is especially the case for grids with large renewable 

penetration. 

 

The paper presented the advantages of using the SVC PLUS Frequency Stabilizer which is 

based on STATCOM and uses the supercapacitor feature for dynamic voltage support, it also 

provides active power needed for fast frequency support. 

 

Based on the given scenarios for 2017 and 2030 it has been concluded that the power grid of 

Egypt is very robust on the issues of inertia and the frequency deviations are relatively small. 

However, in the future with the addition of new large power interconnectors and in case of 

low load this might become an issue. 

 

The impact of the SVC PLUS FS in the low load scenario in 2017 has shown that it is 

advantageous for frequency support. Since it provides power only when needed and its 

operation costs are very low. Furthermore, for the first swing frequency stability the active 

power injection of several seconds is more than enough to support the grid frequency. 

Therefore, the supercapacitors used in the SVC PLUS FS with their high power density is a 

very good choice as a storage medium. Both dynamic active power support (frequency) and 

steady state/dynamic reactive power support (voltage) make SVC PLUS FS an excellent 

solution for supporting the power grid stability. 
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SUMMARY 

 

Economic competitions and deregulation of electric power systems over the world have led to 

operation of these systems closer to their technical limits. These are accompanied by increasing in size 
and complexity of recent power systems. Unfortunately, these factors would increase the risk of system 

outages and probability of blackout. If a blackout occurs, the power system should be restored as quickly 

and reliably as possible to avoid long disconnection of supply to customers.  
This paper presents two methods for power system restoration process. The first method is based on 

the electrical closeness centrality. In an electrical network, the electrical closeness centrality of a node 

(bus) may be defined as the average length (impedance) of the shortest path (line) between the node and 

all other nodes (buses) in the network. The bus which has the highest closeness centrality is selected as the 

first node to be restored provided that a nearby generating unit with black start facility is available. The 

restoration process is continued by selecting the bus with the next highest closeness centrality. The second 

method measures the importance of buses in the outage area based on the degree of a node (bus) as 

defined in the graph theory. The degree of a node (bus) of a graph (network) is the number 

of edges (lines) incident to the node. The IEEE 10-generators 39-bus power system model is employed to 
illustrate the features of the proposed methods. DIgSILENT professional software is used to simulate the 

system. Simulation results are presented to show the effectiveness of the proposed restoration methods. 

The results include steady-state percentage loading of generators, transmission lines and transformers in 
addition to per-unit voltage at buses. All are within allowable operating limits. 
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1. INTRODUCTION  

Electric power systems have increased in size and complexity with growth in loads and generation 

capacities. During last decades, a large number of blackouts around the global have been reported [1]. 

The largest blackout was in India on July 2012 which affected 670 million people. In August 14, 2003 

blackout of the USA and Canada interconnected power system affected 50 million people and the 

restoration process have taken a long time [2]. In September 23, 2003 the Sweden and Denmark 

blackout affected 4 million people and the restoration process have taken 8 hours. Other major 

blackouts in various countries have been reported. The power system restoration process [3], [4] is to 
drive the system from partial or complete blackout to a secure normal operating condition. It is a 

complex process. The factors which can affect restoration of a power system are the status of the 

system, the availability of equipment, duration and starting characteristics of system components.  
The restoration process could be divided into three stages (or phases). 

a) The first stage is the black start phase. 

b) The second stage is the network reconfiguration phase. 
c) The third stage is the load restoration phase. 

 In the first stage restore the black start generating units [2], [5], [6] such as hydro electrical plants 

and rebuild related transmission lines. The black start units send the required cranking power to the 

non-black start generating units.  In the second stage, reconfiguration of the power grid is 

implemented, as a mean to restore generators, transformers and important loads. In this phase of 

restoration, the operators should take precautions to avoid over voltage in the transmission lines and 
the overexcite transformers. The restoration process might fail because the over voltage problem. In 

the third stage, all loads should be restored. The load pick up is based on the rate capabilities of the 

generators [7], [8]. 
Black start generating units include combustion turbine units, hydro turbine units, run-of-river 

units, pumped storage units and aero-derivative gas turbine sets. Combustion turbines can be started in 

5-15 minutes [2] with 30–50% probability of success, but it has limited under-excitation so it is 
normally used at lower voltage levels. Run-of-the-river, hydro and pumped storage generating units 

can be started in the range of 5-10 minutes with high probability of success. These units can be used in 

the high voltage sections of the network. Aero-derivative gas turbine generating sets typically require 

local batteries to start-up and they have the capability of picking-up loads quickly. 

Generally, initial critical loads and their importance priorities are [2]:  

a) Auxiliary load requirements for staring-up generating units have high priority.  

b) Transmission and distribution substations have medium priority depending on actual location 

of the substation. 

c) Industrial loads have low priority depending on the importance of the load. 

This paper presents two methods for power system restoration process. The first method is based 

on the electrical closeness centrality, and the second method measures the importance of buses in the 

outage area based on the degree of the buses. The IEEE 10-generators 39-bus power system model is 
used to illustrate the features of the proposed methods. Simulation results, using the DIgSILENT 

professional software, are presented to show the effectiveness of the proposed restoration methods. 

The rest of the paper is organized as follows: Section 2 describes briefly the basic restoration 

process and lists power flow constraints which should be taken into consideration during the 

restoration process. Section 3 presents the electrical closeness centrality method for restoring power 

systems. Section 4 presents the degree of a bus method for power system restoration process. Section 5 

describes the IEEE 10-generator 39-bus system used to test the restoration methods. Section 6 presents 

simulation results. Section 7 summarizes the main conclusions. 

2. RESTORATION STRATEGIES [7], [9]-[11] 

Build up (Bottom-up) is based on electrical islands with black start capabilities. First, the system is 

divided into a number of islands; each island has a black start unit. Start up the black start units, then 

the black start units will send cranking powers to start the nonblack start units in each island. 

Restoration of multiple islands can be performed in parallel, and then the islands are synchronized. 

Build down (Top-down) restoration is to re-energize EHV/HV transmission networks first, then go 

down to restore sub-transmission and lower voltage equipment and pick up loads. The following 

constraints should be taken into consideration during the restoration process: 
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Generation and load balance: 

∑���� � ∑���	
 � �������         (1) 

∑
��� � ∑
��	
 � 
������        (2) 

 

Generation output inequality constraints: 

���� 	� 	���� � ��	� 	         (3) 


��� 	� 	
��� � 
�	�         (4) 

These equations mean that the generation at any time t should be operated within the allowable 

maximum and the minimum real power and reactive power limits. 

 

Bus voltage inequality constraint: 

���� 	� 	���� � ��	�          (5) 
The voltage at any bus at any time t should be within the allowable limits. 

 

Transmission line loading constraint: 
|�����| 	� 	 ��	��          (6) 

The magnitude of a transmission line load at any time t should not exceed the maximum 
transmission line loading limit. 

 

3. THE ELECTRICAL CLOSENESS FOR RESTORATION OF POWER SYSTEMS 

        In actual network reconfiguration, topology of the network, capacities of generators, amounts of 

important loads (high priority loads), distribution of the generation and load nodes have significant 

impact on the restoration process and restoration time. Various methods of power system restoration 
are available in [12]-[14]. Traditional methods cannot reflect the importance of the different shortest 

paths. Another traditional method used in the power system restoration [15] based on starting time and 

ramping rate is used for optimizing the restoration, but this method does not reflect the importance of 

nodes and the importance of different of shortest paths. The light load can lead to over voltages in the 

transmission lines and overexcite in transformers. “Central” nodes are important, as they can reach the 

whole network more quickly than non-central nodes. The importance of the central node is measured 

by how close a node is to other nodes [16]-[20]. 

 

Average Distance:   �	������ � �
���∑ ����	, � ��

 !�                    (7) 

 

Closeness Centrality:   "#���� � $ �
���∑ ����	, � ��

 !� %
��

�	 ���
∑ ���&	,�'�(
')&

     (8) 

 

where 

����	, � � is the shortest distance between vertex ��  and vertex �  of the graph 

n the number of vertices in the graph 

 

In an electrical network, a bus analogies a vertex (in a graph), and the electrical distance between 

two buses is the impedance between them. 

4. DEGREE OF BUS METHOD FOR RESTORATION OF POWER SYSTEMS 

In graph theory, the degree of a node (vertex) of a graph is defined as the number of edges incident 

to the node (vertex) [21]. Similarly, in an electrical network, the degree of a bus may be defined as the 

number of transmission branches (lines) incident to the bus. The degree of buses will be used here to 
help in guiding the restoration process of a power system. First we calculate the degree of all buses in 

the system and the restoration process starts at the bus which has the highest degree provided that this 

bus has a nearby black start generating unit. The selected bus with the highest degree is considered to 
be the most important bus in the system as it has multiple choices to reconnect with other buses in the 

network. The restoration process is continued by forming possible restoration trees and selecting the 

most appropriate path as will be demonstrated in the results sub-section 6.2 of this paper. 
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5. IEEE 10-GENERATORS 39-BUS SYSTEM MODEL 

The 10-generators 39-bus model consists of 39 buses (nodes), 10 generators, 19 loads, 34 lines and 

12 transformers. Figure 1 shows the single line diagram of the system. The nominal voltage levels are 

345 kV, 230 kV and 16.5 kV. Detailed parameters of the system can be found in [22], [23]. 

 
Figure 1: Single line diagram of the IEEE 10-generator 39-bus system [23] 

 
 

6. SIMULATION RESULTS 

6.1 Results of Closeness Centrality Restoration Method 

The IEEE 10-generators 39-bus system is employed to verify the ability and effectiveness of the 

proposed the restoration by using the closeness centrality method. Table 1 shows the results of 

calculating the electrical closeness centrality at all buses of the system. The highest closeness 

centrality from the table are at bus 14 and bus 16, but bus 14 does not have any nearby generating 

units so we take bus 16 and assume the black start unit is located at bus 33. To go from bus 33 to bus 

16, we should pass through bus 19. Therefore, the black start phase is formed as follow: 33→ 

19→16→17→27. Now continuing at bus 27, the only shortest path is bus 26, therefore the next path is 

as follow: 27→26→25→37 and start generator G8. Now, we return to bus 16. At bus 16 we can go to 
bus 15, bus 21 or bus 24. The highest closeness is the bus 15 (0.283582) but restoring this path will 

cause overloading on various components: 140.2% on line 16-19, 202% on transformer 19-33 and 

201% on generator G4. Therefore, the path from bus 16 to bus 15 cannot be taken at this stage. Also, 
the path 16-21 breaches the load low limits and cannot be taken in this stage. Path 16-24 can be 

successfully restored without any over loadings or voltage limits problems, all are within their 

corresponding allowable ranges. So, we take bus 24 and the third restoration step is through the path: 

16→24→23→36. The selected restorations paths are are listed in Table 2. During the restoration 

process, take into consideration the priorities of important loads and generators starting characteristics.  

Table 3 shows the generators loading percentage during the restoration steps. It is noted that all the 

generators’ loadings are within the limits for all the steps, so this method achieve the generation output 

constraints. Table 4 shows the transformers percentage loading. All transformers are within the limits 

for all the steps, thus achieving the transformers loading constraints. 
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Table 1: Result of closeness centrality of the IEEE 10-generators 39-bus system 

Bus Closeness Bus Closeness Bus Closeness Bus Closeness 

1 0.214689 11 0.204301 21 0.236025 31 0.183575 

2 0.256757 12 0.212291 22 0.198953 32 0.177570 

3 0.301587 13 0.246253 23 0.198953 33 0.188119 

4 0.301587 14 0.296875 24 0.236025 34 0.188119 

5 0.260274 15 0.283582 25 0.260274 35 0.166667 

6 0.223529 16 0.292308 26 0.253333 36 0.166667 

7 0.190955 17 0.283582 27 0.246753 37 0.207650 

8 0.217143 18 0.279412 28 0.205405 38 0.171946 

9 0.192893 19 0.230303 29 0.206522 39 0.192289 

10 0.214689 20 0.230303 30 0.205405   

 

Table 2: Selected restoration paths (electrical closeness method) 

Steps  Generators The Shortest Paths 

1 G4 bus 33 19-16, 16-17, 17-27 

2 G8 bus 37 27-26, 26-25 

3 G7 bus 36 16-24, 24-23 

4 G5 bus 34 19-20 

5 G10 bus 30 25-2, 2-3 

6 G6 bus 35 16-21, 21-22 

7 G1 bus 39 2-1, 1-39 

8 G2 bus 31 39-9, 9-8, 8-5, 8-7, 7-6, 6-11, 11-10 

9 G3 bus 32 16-15, 15-14, 14-13, 13-10 

10 G9 bus 38 26-28, 26-29, 28-29, 22-23, 17-18, 18-3, 3-4, 4-5, 4-14, 5-6 

 

Table 3: Generators loading (electrical closeness method) 

 

Table 4: Transformers loading (electrical closeness method) 

Transformer Step1 Step2 Step3 Step4 Step5 Step6 Step7 Step8 Step9 Step 10 

2-30     25.8% 17.9% 27.8% 27.8% 27.0% 27.7% 

6-31         35.6% 79.8% 

10-32         86.0% 86.8% 

11-12        31.6% 14.5% 14.1% 

13-12         18.2% 15.9% 

19-20    12.3% 12.3% 12.3% 12.3% 12.3% 12.4% 12.4% 

19-33 81.2% 56.4% 55.6% 71.3% 79.6% 79.8% 79.8% 79.8% 80.4% 80.4% 

20-34     86.9% 87.3% 87.3% 87.3% 87.9% 88.0% 

22-35      79.6% 79.6% 79.6% 80.5% 80.1% 

23-36   76.6% 76.7% 76.5% 76.9% 76.9% 76.9% 77.5% 77.5% 

25-37  76.2% 75.8% 75.9% 75.0% 75.0% 75.1% 75.1% 75.0% 75.0% 

29-38          80.9% 

 

 

Gen  Step 1   Step 2 Step 3  Step 4 Step 5 Step 6 Step 7 Step 8 Step 9 Step 10 

Gen 1       10% 10.2% 10.1% 10.1% 

Gen 2        88.6% 36.4% 79.7% 

Gen 3         84.6% 85.4% 

Gen 4 80.95% 56.3% 55.5% 71.1% 79.4% 79.6% 79.6% 79.6% 80.1% 80.3% 

Gen 5    88% 88% 88.4% 88.4% 88.4% 89% 89.1% 

Gen 6      83.5% 83.5% 83.5% 84.4% 84.2% 

Gen 7   81.5% 81.5% 81.4% 81.8% 81.8% 81.8% 82.4% 82.2% 

Gen 8  78.4% 78% 78% 77.1% 77.1% 77.2% 77.2% 77.1% 77.1% 

Gen 9          83% 

Gen 10     27% 18.7% 29.2% 29.2% 26.8% 29.3% 
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Table 5: Transmission lines loadings during the restoration process (electrical closeness method) 

Line  Step1 Step2 Step3 Step4 Step5 Step6 Step7 Step8 Step9 Step 10 

19-16 102% 71.2% 69.7% 69.8% 80.2% 80.6% 80.6% 80.6% 81.8% 81.9% 

16-17 48.1% 18.4% 18.9% 18.8% 27.8% 67.5% 87.5% 87.5% 49.8% 37.5% 

17-27 49.4% 20.6% 21.6% 21.5% 28.7% 87.5% 87.5% 87.5% 49.6% 7.8% 

27-26  28.1% 28.1% 28.1% 17.9% 44.5% 44.6% 44.6% 13.8% 44.3% 

26-25  50.8% 50.8% 50.8% 39.5% 24.3% 24.5% 24.5% 22.1% 12.7% 

16-24   8.4% 9% 8.1% 10.1% 10.1% 10.1% 13% 13.1% 

24-23   50.7% 50.6% 50.7% 50.5% 50.5% 50.5% 50.4% 50.4% 

25-2     18.5% 73.2% 51.6% 73.6% 38.3% 41.3% 

2-3     51% 51.7% 51.6% 51.6% 51.2% 59.7% 

16-21      60.3% 60.3% 60.3% 60.4% 60.3% 

21-22       102% 102% 103% 105% 

2-1       55.5% 55.5% 20.4% 22.5% 

1-39       56.3% 56.3% 27.5% 27.5% 

39-9        43.7% 14.3% 12.6% 

9-8        46.6% 20.6% 18.7% 

8-5        2.4% 2.4% 52.6% 

8-7        50.2% 86.1% 31.2% 

7-6        92.5% 104% 71.9% 

6-11        14.7% 92.7% 67.7% 

11-10        1.2% 90.4% 67.7% 

16-15         44.7% 58.1% 

15-14         13.7% 6% 

14-13         14.2% 38.7% 

13-10         17.6% 41.2% 

26-28          24.3% 

26-29          32.4% 

28-29          56.0% 

22-23          3.2% 

17-18          33.6% 

3-4          25.4% 

4-5          31.5% 

4-14          39.5% 

5-6          83.4% 

3-18          8.1% 

 

Table 5 shows the lines loading percentage. All transmission lines are within the allowable limits 

for all the steps, so this method achieves the transmission line load constraint. It should be emphasized 
that, in the restoration process the generation output should be within the limits because if a generator 

exceeds the limits that generator may tripe and the restoration process will fail. Table 6 shows the 

voltage at all buses. All buses are within the allowable voltage limits for all the steps. From Table 3 to 
Table 6, it can be concluded that this restoration method is successful.  

 

Table 6: Voltage of buses in p.u (electrical closeness method) 

Bus Step 1 Step 2 Step 3 Step 4 Step 5 Step 6 Step 7 Step 8 Step 9 Step 10 

1       1.04 1.04 1.05 1.05 

2     1.06 1.05 1.05 1.05 1.06 1.05 

3     1.06 1.04 1.04 1.04 1.05 1.03 

4          1.00 

5        0.96 0.99 1.00 

6        0.98 1.01 1.01 

7        0.96 0.99 1.00 

8        0.96 0.99 0.99 

9        1.01 1.02 1.03 

10        0.97 1.02 1.02 
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Table 6 (Continued): Voltage of buses in p.u (electrical closeness method) 

Bus Step 1 Step 2 Step 3 Step 4 Step 5 Step 6 Step 7 Step 8 Step 9 Step 10 

11        0.97 1.01 1.01 

12          1.00 

13         1.02 1.01 

14         1.02 1.01 

15         1.02 1.02 

16 1.01 1.04 1.05 1.05 1.05 1.04 1.04 1.04 1.03 1.03 

17 1.00 1.03 1.05 1.05 1.05 1.04 1.04 1.04 1.03 1.03 

18          1.03 

19 1.04 1.05 1.06 1.06 1.06 1.05 1.05 1.05 1.05 1.05 

20    0.99 1.00 0.99 0.99 0.99 0.99 0.99 

21      1.04 1.04 1.04 1.03 1.03 

22      1.06 1.06 1.06 1.05 1.06 

23   1.04 1.03 1.04 1.04 1.04 1.04 1.04 1.04 

24   1.05 1.05 1.05 1.05 1.04 1.05 1.04 1.04 

25  1.04 1.04 1.04 1.06 1.06 1.06 1.06 1.06 1.06 

26  1.03 1.04 1.03 1.05 1.04 1.04 1.04 1.04 1.05 

27 0.99 1.02 1.04 1.03 1.04 1.03 1.04 1.04 1.03 1.04 

28          1.05 

29          1.05 

30     1.05 1.05 1.05 1.05 1.05 1.05 

31        0.98 0.98 0.98 

32         0.98 0.98 

33 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

34    1.01 1.04 1.01 1.01 1.01 1.01 1.01 

35      1.05 1.05 1.05 1.05 1.05 

36   1.06 1.06 1.06 1.06 1.06 1.06 1.06 1.06 

37  1.03 1.03 1.03 1.03 1.03 1.03 1.03 1.03 1.03 

38          1.03 

39       1.03 1.03 1.03 1.03 

 

6.2 Results of the Degree of Nodes Restoration Method 

Table 7 shows the results of the degree of all nodes (buses) of the IEEE 10-generators 39-bus 

system. The bus which has the highest probability is the most important bus in the system and will be 
selected for starting the restoration process. First, we take the bus with the highest degree. Bus 6 and 

bus 16 have the same highest degree of 5. Bus 6 has no nearby black start generators, whilst bus 16 has 

a nearby black start generator at bus 33 which can be connected through bus 19. 

Table 7: Degrees of the buses of the IEEE 10-generators 39-bus system 

Bus Probability Bus Probability Bus Probability Bus Probability 

1 2 11 3 21 2 31 1 

2 4 12 3 22 3 32 1 

3 4 13 3 23 2 33 1 

4 3 14 3 24 2 34 1 

5 4 15 2 25 3 35 1 

6 5 16 5 26 4 36 1 

7 3 17 3 27 2 37 1 

8 3 18 2 28 2 38 1 

9 2 19 3 29 2 39 2 

10 3 20 2 30 1   
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Table 8: Selected restoration paths using the degree of nodes method 

Steps Generators The shortest paths 

1 G4 bus 33,G10 bus 30 33-19,19-16,16-17,17-18,18-3, 3-2, 2-30 

2 G8 bus 37 2-25,25-37,25-26 

3 G1 bus 39 2-1,1-39 

4 G3 bus 32 39-9,9-8,8-5,5-6,6-11,11-10 

5 G9 bus 38 5-4,4-14,14-13,13-10,26-29,29-38,26-28,28-29 

6 G6 bus 35 14-15,15-16,16-21,21-22,22-35 

7 G7 bus 36 22-23,23-36,23-24 

8 G5 bus 34 19-20,20-34 

9 G2 bus 31 6-31,16-24,26-27,27-17,8-7,7-6,6-5,3-4 

  

After bus 16 we have three choices, namely bus 15, bus 17 or bus 21. Out of these three buses, we 

would select bus 17 because its degree is higher than the other buses as shown in the restoration tree in 

Figure 3. At bus 17, we have two choices: bus 18 or bus 27 which have the same degree of 2. Then, we 
select starting the black start restoration phase with the path which has the highest degree buses as 

follows: 33→ 19→16→17→18→3→2→30. Then the next step is: 2→25→37→26, the third step is 

as follow: 2→1→39, and so on. Table 8 shows the selected restoration paths. Tables 9 to 12 show that 
the restoration process is successful without breaching any constraints. 

 

Figure 2. Restoration of buses tree in the step # 1 

Table 9: Generators loading (degree of nodes method) 
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Table 10: Transformers loading (degree of nodes method) 

Transformer Step 1 Step 2 Step 3 Step 4 Step 5 Step 6 Step 7 Step 8 Step 9 

2-30 18.2% 9.3% 25.4% 25.4% 28.4% 29.5% 29.5% 28.6% 27.7% 

6-31         79.8% 

10-32    9.7% 89.5% 90.1% 90.0% 97.9% 86.8% 

11-12     15.2% 16.1% 16.0% 16.6% 14.1% 

13-12     20.4% 22.0% 22.0% 26.8% 15.9% 

19-20        12.8% 12.4% 

19-33 79.6% 79.9% 79.8% 79.8% 80.1% 81.8% 81.7% 81.5% 80.4% 

20-34        89% 88% 

22-35      81.9% 81.4% 81.7% 80.1% 

23-36       75.6% 75.6% 77.5% 

25-37  75.1% 75.1% 75.1% 75.3% 75.2% 75.2% 75.3% 75.0% 

29-38     80.9% 80.9% 80.9% 80.9% 80.9% 

 

Gen Step 1 Step 2 Step 3 Step 4 Step 5 Step 6 Step 7 Step 8 Step 9 

Gen 1   8.8% 14.6% 5.2% 5.0% 5.0% 10.6% 10.1% 

Gen 2         78.8% 

Gen 3    87.9% 87.9% 88.7% 88.6% 96.3% 85.3% 

Gen 4 79.4% 79.6% 79.6% 79.9% 79.9% 81.5% 81.3% 81.3% 80.2% 

Gen 5        90.2% 89.0% 

Gen 6      86.0% 85.4% 85.7% 84.1% 

Gen 7       80.4% 80.4% 82.4% 

Gen 8  77.2% 77.2% 77.4% 77.4% 77.3% 77.3% 77.4% 77.1% 

Gen 9      83.0% 83.0% 83.0% 83.0% 

Gen 10 19.1% 10.0% 26.6% 29.8% 30.0% 30.9% 30.9% 30.0% 28.9% 
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Table 11: Transmission Lines loading (degree of nodes method) 

Line Step 1 Step 2 Step 3 Step 4 Step 5 Step 6 Step 7 Step 8 Step 9 

16-19 99.0% 100% 99.0% 99.0% 100% 99.0% 100% 84.7% 82.0% 

21-22      102.0% 101.0% 100.0% 103.0% 

1-2   37.6% 37.6% 88.2% 85.5% 85.5% 50.6% 22.6% 

1-39   41.2% 41.2% 88.1% 85.1% 85.2% 51.4% 27.5% 

15-16      68.3% 72.0% 87.0% 58.1% 

14-15      12.2% 12.2% 29.5% 6.0% 

13-14     3.0% 12.1% 12.4% 30.4% 38.7% 

10-13     8.0% 6.9% 6.7% 20.4% 41.2% 

10-11    13.5% 95.0% 99.0% 101.0% 102.0% 67.8% 

6-11    3.0% 98.0% 99.0% 101.0% 101.0% 67.7% 

6-7         72.0% 

16-17 47.9% 47.7% 47.8% 47.7% 47.7% 46.7% 46.6% 15.14% 37.5% 

7-8         31.8% 

5-8    3.0% 99.0% 98.0% 101.0% 53.6% 52.6% 

8-9    101.0% 31.7% 40.6% 40.6% 52.6% 19.0% 

26-28     25.8% 25.6% 25.7% 25.8% 24.3% 

26-29     33.8% 33.7% 33.8% 33.8% 32.0% 

28-29     56.1% 56.1% 56.1% 56.1% 56.0% 

22-23       3.2% 3.2% 3.0% 

17-18 47.5% 47.4% 47.4% 47.4% 47.5% 23.5% 46.1% 13.8% 33.6% 

9-39    101.0% 26.9% 36.7% 36.6% 48.7% 12.6% 

3-4         25.4% 

17-27         7.8% 

3-18 24.5% 23.6% 23.8% 23.7% 23.0% 23.5% 34.9% 20.5% 8.0% 

4-5        96.5% 31.5% 

4-14         39.5% 

5-6     100.0% 100.5% 101.0% 100.0% 84.0% 

26-27         13.0% 

25-26  22.7% 22.6% 22.6% 30.3% 30.4% 30.4% 30.3% 44.0% 

16-24         13.2% 

23-24       51.8% 51.8% 50.5% 

2-25  31.1% 31.5% 31.5% 81.6% 81.3% 81.3% 81.6% 41.4% 

2-3 30.8% 30.5% 30.5% 30.5% 30.4% 35.1% 35.7% 69.1% 59.7% 

16-21       61.4% 61.7% 60.3% 

 

 

7. CONCLUSION 

The paper has presented two methods of power system restoration. The first method uses the 

electrical closeness centrality and the second method uses the bus degree. The importance of nodes 

and the shortest paths are identified to guide ordering the restoration process. Each method has been 

tested by simulation to restore the IEEE 10-generator 39-bus system from complete blackout case to 

the normal condition operation case. The simulation results have shown the effectiveness of both 

methods in restoring the system without breaching the allowable limits. 
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SUMMARY 

In this paper, Proportional-Integral Differential (PID) and Fractional Order PID (FOPID) controllers are 

designed for Load Frequency Control (LFC) of two power systems (a single area and hybrid three areas). 

The values of the controller parameters of the PID and FOPID are optimized and properly tuned by using the 

Self-adaptive Global best Harmony Search (SGHS) optimization technique. Four different cost functions 

(IAE, IATE, ISE and ITSE) have been suggested for tuning the proposed PID and FOPID controllers of the 

power systems. A comparison of system performance observed for the all four criteria. The single area and 

hybrid three area power systems are tested for various load changes and disturbances in the presence of plant 

parameter variations and system nonlinearities. Finally, simulation results demonstrated that the ITAE based 
optimal PID and FOPID controller responses give better dynamic performance compared to other objective 

functions and also the power systems with ITAE based optimal FOPID controller is settled quickly with 

minimum over and undershoot compared to the optimal PID controller. 

KEYWORDS: LFC, Four different objective functions, PID and FOPID controllers, SGHS optimization.  

INTRODUCTION 

Nowadays, power systems with several industrial and commercial loads and generators need to operate at a 

constant frequency. Load Frequency Control is a very important issue in power system operation and control 

for supplying sufficient and reliable electric power with good quality. With an increasing demand, the 

electric power system becomes more complicated. For a successful operation of power system under 

abnormal conditions, mismatches have to be corrected via supplementary control. For satisfactory operation 

of a power system the frequency should remain nearly constant. The various areas or power pools are 

interconnected through tie lines. These tie lines are utilized for contractual energy exchange between power 
pools and also interarea support in case of abnormal conditions. The power system is subjected to local 

variations of random magnitude and duration. As the load varies at any area in the system considered, the 

frequency related with this area affected and then the other areas are also affected through tie lines. 
Frequency transients must be eliminated as soon as possible. 

Many control strategies for Load Frequency Control in electric power systems have been proposed by 

researchers over the past decades. This extensive research is due to fact that LFC constitutes an important 

function of power system operation where the main objective is to regulate the output power of each 

generator at prescribed levels while keeping the frequency fluctuations within prespecifies limits. The main 

goal of the LFC is to maintain zero steady state errors for frequency deviation and good tracking load 

demands in a multi-area restructured power system. A lot of studies have been made in the last two decades 

about the LFC in interconnected power systems [1–3]. 

During the past decades, the application of AI techniques has been widespread on LFC. In [4], a particle 
swarm optimization (PSO) technique was suggested for tuning the parameters of a PID controller for LFC in 

a single area power system by using the Integral Absolute Error (IAE), Integral Square Error (ISE) and 

Integral Time Absolute Error (ITAE) as objective functions. Genetic Algorithm (GA) [5] also used in this 
field for the purpose of selection of PID parameters. In [6], the PID controller was implemented in multi-area 

hydrothermal power system and gain values were tuned by using the Ant Colony Optimization (ACO) 

technique. Moreover in [7], the LFC with fuzzy logic controller (FLC) considering nonlinearities and boiler 
dynamics was introduced which has greatly improved the performance of the controller. Another method for 

tuning PID controller using Bacteria Foraging Optimization (BFO) for two area system with different step 

load changes has been applied in [8]. 
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This paper introduces a Self-adaptive Global Harmony Search (SGHS) optimization technique [9-11] for 

optimal tuning of PID and FOPID controllers. Four different objective functions will be considered for 

investigation: IAE, ISE, Integral Time Square Error (ITSE) and ITAE. The motivation behind this research is 

to prove and demonstrate the robustness of SGHS based PID and FOPID controllers, and to improve the 

transient response of both frequency deviation and tie line power under various loading conditions in 

presence of system linear and nonlinearities. The paper is organized as follows: The transfer function model 

of investigated power systems and SGHS optimization technique were presented in section 2, PID controller 

and FOPID were designed in Section 3, Simulation results and discussions are given in Section 4 and finally 

the paper is concluded in the section 5. 

2. POWER SYSTEM DESCRIPTION 

2.1 Non-Reheated Thermal Power System  

The transfer function model of investigated non-reheated thermal turbine power system is shown in fig.1. 

The power system is equipped with a suitable governor unit, single star reheat turbine unit, speed regulator 
and generator unit. The nominal parameter values are given in appendix. 

 

 

 
 
 
 

 
 

 
 
 

Fig. 1: Non-reheat thermal power system 

2.2 Three-Area Interconnected Power System 

The system considered in this paper is consisting of three areas: non-reheat thermal, reheat thermal and 

hydro power plants. The different areas are connected by a tie-line and the transfer function model using 

MATLAB Simulink has been designed as shown in fig. 2. The parameters of the three areas power plants are 

given in Appendix.  

During normal loading conditions, the power generating takes care about its own load and maintains its 

stability. When a load demand occurs in the power system, it affects the power system stability (mainly 

affects the system frequency). The properties of conventional computational are that time consumption is 

more and poor efficiency for large computational problem. In order to use less consumption time and achieve 

high efficiency, the nature inspired optimization algorithms could be used. In this paper Self-adaptive Global 
Harmony Search (SGHS) optimization technique was considered for tuning PID and FOPID controller's 

parameters. The SGHS optimization technique was introduced [9-11]. 

2.3 Self-adaptive Global Harmony Search (SGHS) Optimization Technique 

The meta-heuristic algorithm, called harmony search (HS), mimics the improvisation process of music 

players. It performs well in the field of optimization problems, especially problems that include nonlinear 

equations. Harmony Search (HS) was proposed by Zong Woo Geem in 2001[9]. It is well known that HS is a 

phenomenon-mimicking algorithm inspired by the improvisation process of musicians. This algorithm 

possesses a number of benefits, such as: 

1) It does not need any initial condition.  

2) It uses stochastic random searches, derivative information is not necessary. 

3) It checks all vectors; then creates new vector based on them, while, for example, GA checks only two 
vectors.  

4) It needs fewer parameters than GA and doesn’t require crossover between two parent vectors.  

5) It has the ability to deal with discrete and continuous problems.  

6) It identifies most probable interval at suitable time.  
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7) It has the benefit of high rate of convergence and precision in comparison with other optimization 

methods. For example, it is faster and much more efficient than particle swarm optimization.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Transfer function model in MATLAB for three power systems 

The above factors make HS a flexible and more powerful method than other optimization methods. The self-

adaptive global best HS (SGHS) was introduced [10]. The modification in this type SGHS was inspired by 

the concept of the particle swarm optimization (PSO) algorithm, the global best particle that is the fittest 

particle in term of the objective function among other particles in the swarm. The problem can be solved 

faster, finds better and more precise answers with a simpler formulation in optimization problems. Numerical 

results of previous research show SGHS is a well performed algorithm to search an optimum answer. 

A flow chart of HS algorithm is shown in fig. 3 and the steps of HS procedure are listed as below [11]: 

Step 1: Specification of problem and algorithm parameters 

Step 2: Creation of harmony memory 
Step 3: Improvisation of a new harmony 

Step 4: Updating the harmony memory 

Step 5: Checking the stopping criterion 

3 CONTROLLER TECHNIQUES 

For designing controllers based on time domain, controllers aim at minimization of different integral 

performance indices namely 

1) Integral square error (ISE)  

2) Integral absolute error (IAE) 

3) Integral time-square error (ITSE)  
4) Integral time-absolute error (ITAE) 

SGHS progressively minimizes different integral performance indices iteratively while finding optimal set of 

parameters for the PID and FOPID controller. The algorithm terminates if the value of the objective function 
does not change appreciably over some successive iterations. 
 

3.1 PID Controller 

The PID controller is considered as one of the most popular, commonly and widely used in the optimization 

process of different engineering problems. The PID controller improves the dynamic response of the system 

and also reduces the steady state error by rearranging the poles and zeros of the closed loop transfer function. 

The PID controller transfer function is as follows: 
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 Gpid(s) = kp + ki/s +kd S                   (1) 

 
 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 
 

 

 
 

 

 
 

 

 

 

 

Fig. 3: Flowchart of proposed Harmony Search Algorithm 

In this paper, the optimal parameters of PID controller obtained by using four different cost functions with 

SGHS optimization techniques. The IAE, ISE, ITAE and ITSE performance criterion formulas are as 

follows: 

J
 � IAE � 				 � 	|e�t�|	dt
���
�

                    (2) 

J� � ISE � 				 � 	�e�t���	dt
���
�

                          (3) 

J� � ITAE � � 	t	�	|e�t�|	�	dt
���
�

                    (4) 

   J� � ITSE � � 		t	�e�t�	��	dt
���
�

              (5) 

The power system error in N multi areas are: 

        e(t) = ∑ ∆f"
#
"$
 �	∑ ∆P&"'"(

#
"$

")(

          (6)  

In the above equation, ∆fi is the system frequency deviation in area i; ∆Ptieij is the incremental change in tie 

line power flow between area i and j. The problem constraints are the PID controller parameter bounds. 

Therefore, the objective function J optimization problem can be formulated as the following:  
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Minimize    J  

Subjected to constraints: 

Kpmin   Kp< Kpmax 

Kimin< Ki < Kimax 

Kdmin< Kd < Kdmax 

Based on the SGHS optimization technique, the gain values of Kp, Ki and Kd are optimized by considering 

four different objective functions mentioned below. 

3.2 Fractional Order PID (FOPID) Controller 

Controlling industrial plants requires satisfaction of wide range of specification. So, wide ranges of 

techniques are needed. Mostly for industrial applications, integer order controllers are used for controlling 

purpose. Now day’s fractional order PID (FOPID) controller is used for industrial application to improve the 
system control performances. The most common form of a FOPID controller is the PIλDμ controller [11]. 

The FOPID controller, has five parameters which can be used to tune the controller, thus a higher flexibility 

can be achieved, than in the case of a classical PID controller. Due to this reason we expect to obtain with the 

FOPID controller better closed loop performances that the ones obtained with the PID controllers. One of the 

most important advantages of the FOPID controller is the possible better control of fractional order 

dynamical systems. The control output from the FOPID controller subjected to frequency error is given as: 

  U(s) = (Kp + Ki 



�,
 +Kd  sμ ) ΔF            (7) 

The three optimal gains (Kp, Ki and Kd) and the two optimal orders (λ and μ) of FOPID controller are 

obtained by SGHS optimization technique with the different objective functions. 

4. SIMULATION RESULTS 

In this paper the research work has been organized as follows: 

• The two controllers (PID and FOPID) had been tuned with the four different cost functions of the 

two power systems (single area and three areas) and the best cost function had been selected to 

complete the research work. 

• After determination of the best cost function, then a comparison between the PID and FOPID 

controller had been done of different load conditions and nonlinear single area and three area power 

systems.  

4.1 Non-reheat thermal power system 

Based on the SGHS technique, the gain values of PID controller (Kp, Ki, Kd) and gains of FOPID (Kp, Ki, Kd 

, λ, μ), are optimized by considering four different cost functions mentioned above.  

Case 1: SGHS based PID controller 

The following performance indexes are used to minimize the overshoot, settling time, steady state error and 

reference tracking error for SGHS-PID controller system. Therefore, for the SGHS-based PID tuning, these 

performance indexes are used as the 

objective functions. 
 

 

 
 

 

 

 

 

 
 

 

 
Fig. 4: Frequency deviations of single area with PID controller for Different Error Criteria  
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under 1% Change in load demand 

Fig. 4 shows the comparison to the different objective functions based PID controller response of frequency 

deviations of the power system following a load demand ΔPL = 0.01 p.u at t=0.1 sec. It is clearly evident that 

ITAE objective function based PID controller gives a better dynamic performance with fast settled response 

compared to other objective function based controller response. The numerical values of optimal gain 

parameters PID based SGHS, peak over and settling time are given in the table 1. From the Table 1, 

numerical values of settling time and peak are clearly shows that ITAE based PID controller gave a better 

dynamic performance with minimal settling time. It has been reported that ITAE provides the best selectivity 

of the performance indices and it is commonly referred to as a good criterion in designing PID controllers. 

This result is the same in paper [13, 14]. 

Table 1:  Comparison of SGHS based PID Controller for Different Error Criteria 

Error criteria IAE ISE ITSE ITAE 

Kp 6.941 8.229 7.653     6.379 

Ki    8.339 9.948 9.004    8.903 

Kd 1.561 1.467 2.928 1.515 

Peak  0.0037 0.0038 0.0029 0.0038 

Settling time 1.9081 1.9187 2.0579 1.5879 

Case 2: SGHS based FOPID controller 

In this paper, effect of four different cost functions on the optimum design of FOPID parameters by using 

SGHS technique based FOPID controlled system. We apply the SGHS to tune the FOPID parameters Kp, Ki, 

Kd, λ and μ to meet the system performances criteria. The comparison of frequency deviations of the SGHS 

FOPID controller are shown in fig.5 and the numerical values of settling time and peak over are given in the 

table 2. It is clearly evident that ITAE objective function based FOPID controller gives a better dynamic 

performance with fast settled response compared to other objective function based controller response.  

 

 

 
 

 

 

 

 

 
 

Fig.5: Frequency deviations of single area with FOPID controller 

for Different Error Criteria 

Table 2: Comparison of system with FOPID controller for performance indices 

Error criteria IAE ISE ITSE ITAE 

Kp 7.635 8.150 9.584 8.089 

Ki 13.974 15.058 14.266 14.009 

λ 0.922 0.898 0.918 0.924 

Kd 2.880 4.166 3.828 2.656 

μ 0.896 0.884 0.980 0.949 

Peak  0.0031 0.0027 0.0023 0.0029 

Settling time 1.6089 1.7000 1.8330 1.4343 
 

 

 Case 3: Change of the load disturbance  
 

The optimal PID (OPID) and optimal FOPID (OFPID) controllers are tuned using the SGHS technique with 

four performance index for changing the load disturbance as shown in fig. 6. From fig.6, it shows that the 
response of OFOPID with four objective functions reaches steady state faster with low peak overshoot than 

OPID controller and ITAE objective function based OPID and OFOPID controllers give better dynamic 

performance compared to other objective functions 
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Fig. 6:  Dynamic responses of the non-reheat area with objective functions for load disturbance 

Case 4: Nonlinear model of non-reheat thermal power system 

The system nonlinearities such as Governor Dead Band (GDB) and the Generation Rate Constraint (GRC) 

for turbines are included into the power system model as shown in fig. 7. 

 

 

 
 
 

 

Fig. 7: Nonlinear model of governor and turbine 

In this case we will test the system performance with different parameters (KPs, TPs, Tt, Tg, R) and apply load 

changes of single area as shown in fig. 8. However, the optimal controller parameters are not changed and 

ITAE objective function based OPID and OFOPID controllers. Fig. 8 shows the dynamic performance of 

frequency deviation responses of the linear and nonlinear model. From the simulation results, it is observed 

that very small different in the system responses are obtained with the OFOPID compared to OPID controller 

in the nonlinear model. Also it is clear that OFOPID controller has a better performance than the OPID 

controller in linear model power system.  

 

 

 

 

 

 

Fig. 8: Frequency deviations in the non-reheat thermal power system with load disturbance  

 (a) Change of load ΔPL 

 (b) using OPID 

 (c) using OFOPID 

 ΔPg 
 ΔPt 

 ΔPv 
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due to 0%, +20% and -20 % uncertainties. 

 

4.2 Three-area Interconnected power system  

Case1: SGHS Optimized PID Controller 

We apply the SGHS to tune the optimal PID parameters for three-area interconnected system in fig. 2 to 

meet the system performance criteria. Fig. 9 shows the frequency deviation of the three areas following a 

load demand in area 1 ΔPL1 = 0.01p.u at t=0.1 sec using different objective functions (ISE, ISE, ITAE and 

ITSE) and tie-line power flows using ITAE. From these responses it is clear that SGHS tuned PID for the 

four cost functions succeeded in damping all oscillations, minimizing settling time and reducing overshoot. 

The optimal parameters of PID and settling time are calculated for different performance indices using 

SGHS as shown in table 4. From fig.9 and table 4, it is clear that the ITAE cost function based OPID has the 
best performance in three areas.  

 

 

 

 

 

 

 

 

 

Fig. 9: Frequency deviations and tie line power flow with ITAE performance index 

of three areas with OPID controllers 

Table 4: Parameter Values of OPID controllers and settling time 
 

Error 

criteria 

 

Non-reheat Thermal plant Reheat Thermal plant Hydraulic plant 

KP1 Ki1 Kd1 ts KP2 Ki2 Kd2 ts KP3 Ki3 Kd3 ts 

IAE 9.408 9.338    4.920    9.186 3.468    1.408    0.378    15.641 0.138    0.893    0.548 11.196 

ISE 9.458 7.708 3.707 12.45 3.132 1.887 0.902 15.987 0.050 1.955 0.721 14.642 

ITSE 7.303 9.135 4.530 9.245 0.416 0.076 0.577    16.047 0.029 0.405 0.031 14.314 

ITAE 9.056 8.623 3.960 7.902 3.564 1.520 0.370 15.583 0.875 1.378 0.235 11.079 

Case 2: SGHS Optimized FOPID Controller 
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Fig. 10:  Comparisons of frequency deviation and tie line power flow with ITAE performance index 

of three areas with OFOPID controllers 

The FOPID controller has five parameters using SGHS technique to tune the controller for the four cost 

functions (IAE, ISE, ITSE and ITAE). Fig. 10 shows the dynamic responses of frequency deviations with 

four performance index and the tie line power flow deviations with ITAE performance index of the three 

area for 0.01 p.u step in load demand of area 1. It is observed from table 5 that the performance power 

system optimized FOPID controller with ITAE performance index in terms of settling times in frequency 

deviations is better compared to others. From fig. 10, it is observed that FOPID with ITAE performance 

index FOPID gives better performance and reaches steady state faster with low peak overshoot. 

Table 5: Parameter Values of OFOPID controllers and settling time. 

 

Gains 

& tS 

Non-reheat Thermal plant Reheat Thermal plant Hydraulic plant 

IAE ISE ITSE ITAE IAE ISE ITSE ITAE IAE ISE ITSE ITAE 

Kp 7.299 5.594 8.584 8.905 4.459 4.736   4.116 4.226 0.326 0.203 0.593 0.443 

Ki 8.741 9.685 6.781 7.110 1.865 0.671 0.031 3.108 0.773 1.566 0.883 0.940 

λ 0.924 0.953 0.922 0.951 0.871 0.851 0.828 0.963 0.908 0.854 0.880 0.817 

Kd 3.709 1.808 2.253 2.129 0.946 0.454 0.488 2.322 0.301    0.137 0.146 0.163 

μ 0.925 0.984 0.992 0.928 0.993 0.948 0.916 0.972 0.890 0.990 0.991 0.960 

ts 7.239 7.070 7.372 4.718 12.39 17.30 12.65 10.48 9.609 9.856 10.09 9.532 

Case 3: Change of the load disturbance of three areas 

To show the performance of the OPID and OFOPID controller using ITAE performance, a step load 

disturbance with a magnitude of 0.01p.u is added to area 1 at 1 second, added to area 2 at 20 second, and 
added to area 3 at 40 second. However, the optimal controller parameters are not changed and ITAE 

objective function based OPID and OFOPID controller.  
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Fig. 11:  Dynamic responses of three area power system using OPID and OFOPID controllers         

  with variation loads 

Fig. 11 illustrates the frequency, the tie-line power deviations and Area Control Error outputs of optimal 

controllers in the three different areas with OPID and OFOPID controllers. It can be seen that the frequency 

and tie-line power deviations have been driven to zero by controllers in the presences of power load changes 

and the control signals in the three areas are in acceptable values. From the simulation results, we can see 

that the responses of the area with hydraulic unit have biggest overshoot percentages compared to the other 

areas. We believe this is because the hydraulic unit is inherently unstable. The instability could cause the big 

oscillation during the transient period. From the figures, we can also see that ITAE performance index 

OFOPID gives faster response as compared to the OPID controller. 

Case 4: Nonlinear three different areas and Change the system parameters 

The variations of the parameters (Kps, Tps, Tt, Tg) of the non-reheat and reheat units in the three nonlinear 

areas are assumed to be ± 30% of their nominal values and the load disturbance with a magnitude of 0.01p.u 

to area 1 at 1 second. The optimal controller parameters with ITAE performance index are not changed with 

the variations of the system parameters. Fig. 12 shows the frequency deviations of the three nonlinear 

different areas with the variant parameter values using OPID and OFOPID controllers, respectively. From 

the simulation results, it is evident that OFOPID with ITSE performance index gives better performance and 

reaches steady state faster with low peak overshoot as compared to the OPID controller. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) using OPID controllers               (b) using OFOPID controllers 

Fig. 12: Frequency deviations in three areas with parameter variations. 

5. Conclusions 

In this paper, the load frequency control of the single area and three area power systems have been 

investigated with two controller systems (PID and FOPID) to support a quality of the power systems. The 

results declared that SGHS technique based controllers are capable to guarantee robust stability and robust 

performance under various load conditions and changes in system parameters for four different cost 

functions: the Integral Absolute Error (IAE), the Integral Square Error (ISE), Integral Time Square Error 

(ITSE) and the Integral Time Absolute Error (ITAE). It is observed that the ITAE objective function based 

OPID and OFOPID controllers gave the superior performance over other three objective functions based 

OPID and OFOPID controllers performance in terms of damping all oscillations, settling time and overshoot. 

Simulation results show that the power systems with OFOPID controller is very effective and guarantee 
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robust performance against parametric uncertainties, load changes and disturbances even in the presence of 

GDB and GRC. 

List of symbols: 

IAE:    Integral Absolute Error   ;     ISE:    Integral Square Error;  

ITSE:  Integral Time Square Error   ;     ITAE: Integral Time Absolute Error; 

Kps:     The generator and load gain   and Tps:     The generator and load time constant;  

Kg:      Speed governor gain constant  and Tg:      Speed governor time constant;  

Kt:      Turbine gain constant   and Tt:      Turbine time constant;  

R:       Speed governor regulation parameter  and B:                     Frequency bias parameter.  
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APPENDIX: System Parameters: 

Kps1 = Kps2 = Kps3 = 120                and          Tps1 = Tps2 = Tps3 = 20 sec; 

Kg1 = Kg2 = 1              and          Tg1 = Tg2 = 0.08 sec; 

R1 = R2 = R3 = 2.4 Hz/pu MW      and          B1 = B2 = B3 = 0.425 p.u. MW/Hz  

Plant-1: Non-Reheat Turbine Parameters: 

Kt = 1 and Tt = 0.3 sec; 

Plant-2: Reheat Turbine Parameters: 

Kt =1 and Tt = 0.3 sec and  

Re-heater time constant (Low Pressure) TRH = 10 sec and  

Coefficient of reheat steam turbine (High Pressure) KR = 0.3; 

Plant-3: Hydro turbine: 

Hydraulic governor gain constant  KHG = 1 and 

Speed governor rest time THG2 = 41.6 sec. and 

 Transient droop time constant THG1 = 5.0 sec. 

 Water time constant Tw = 1.0 sec. 
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SUMMARY 

 
In this paper, the performance of conventional protective devices in MV feeders is evaluated as 
concerned for simultaneous shunt and series single-phase faults in redial distribution feeders. There are 

two configurations of the simultaneous shunt and series earth faults where the shunt and series fault 

positions are exchanged. When the shunt fault is downstream the series fault, it is called single-phase 
return fault where its detection is still a challenge in the redial feeders. Simultaneous earth fault features 

are extracted from the network phase current using discrete wavelet transformer (DWT) to introduce a 

detection algorithm of simultaneous fault. The accuracy of detection is also enhanced because the DWT 

is responded to the periodicity of initial transients. The absolute sum of DWT details coefficients 

corresponding to an estimated frequency band is computed in one power cycle for both phases and zero 

sequence current of the feeder. In order to evaluate the proposed detection method, a detailed simulation 

model was built using the ATP-EMTP program for a typical distribution feeder from the Egyptian 

network and the arc model are also used in this study using the universal arc representation. The results 

corroborate the efficacy of the proposed detection method of the single-phase return faults in distribution 
networks. The experimental implementation of DWT is accomplished using the DSP board (DSP1003) 

with a reduction of its lengthy execution time. 

 

KEYWORDS 

Medium voltage distribution feeders, single-phase return faults, zero sequence current, Discrete Wavelet 
Transform (DWT). 

 

1. INTRODUCTION 

Power Distribution systems typically consist of primary feeders (redial) and secondary feeders 

with tapped off laterals and sub-laterals wide spreading around urban or rural areas. 

Simultaneously, distribution feeders are also located near trees, and sometimes are accessible 

by animals or subjected to lightnings. Hence, distribution feeder's unique characteristic 

distinguishes to them a stochastic nature of faults. In secondary feeders, the laterals and sub-

laterals are affected by the fault detection. The fault types in distribution can be divided into 

temporary and permanent faults. The permanent faults consist of shunt type faults (line to 

ground, line-line to ground, … etc.), open circuit faults (called series faults), and simultaneous 

faults (shunt and series). The simultaneous fault type is happening when shunt and series faults 

occurred in the same area such as downed broken conductors. This type of faults can be divided 

into source side simultaneous earth fault where the shunt earth fault is at the source side (see 

Figure 1.a) and load side simultaneous earth fault where the shunt earth fault is at the load side 

(see Figure 1.b). The load side simultaneous earth fault is known and called in the field by 

single-phase return fault. Two types of simultaneous faults are done as considered with and 

without arcing impedance fault, in which its modeling is introduced in [1]. 
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a) Source side simultaneous earth fault.                         b) load side simultaneous earth fault. 

Figure 1. Two example of a simultaneous earth fault. 

The conventional protection scheme in MV feeders consists of overcurrent and earth fault 

relays, in which they don’t operate at some fault such as open circuit and single-phase return 

faults. These devices are failed because they operate using phase/symmetrical components of 

voltages and currents function that don’t discriminate those type of faults. The single-phase 

return fault is a special type of faults because it still offers for attention as an unsolved protection 

problem [2]. The reason is caused to an extremely small magnitude of fault current, will not be 

usually detected by the conventional protection devices. However, the single-phase return faults 

are dangerous due to the risks of electrocution and fire hazard.   

The simultaneous faults are considered a special type of high impedance faults. Several methods 

were used for detecting the high impedance faults where the fault features are extracted Fast 

Fourier Transformer, Kalman Filter, and Discrete Wavelet Transformer (DWT). In [3-5], the 

high impedance faults were detected using the DWT. The DWT has been used to detect the 

high impedance due to learning tree by using the phase currents in unearthed MV network in 

[3]. Similarly, the DWT has located the high impedance faults by using transient power 

direction in [4]. In [5], the DWT has detected the same type of fault by using zero sequence 

currents and voltages. 

In this paper, the impact of load side simultaneous earth faults on the performance of 

conventional protective devices in MV feeders is presented. The initial transient of both faults 

is sensing based on the DWT details coefficient of both phases and zero sequence current to 

detect the fault instant and faulted phase, respectively. Based on the phase currents, the faulted 

phase has the highest absolute sum when it is compared with the other healthy phases. 

Therefore, the Logic Functions are suggested to determine the faulted phase. The proposed 

algorithm is evaluated at different fault location of the real 11 kV earthed network. This medium 

distribution system is simulated using ATP/EMTP program. The arcing impedance fault is 

implemented using the universal arc representation. 

 
2. SIMULATED SYSTEM 

Figure. 2 shows the single line diagram of an earthed 11 kV, 13 distribution feeders simulated 

using the ATP/EMTP program [6]. The arcing fault model is represented by two series ports 

that are a high resistance and dynamic arc model, which is briefly discussed in [7]. The 

considered values of resistive faults are 0.01, 300, and 1000 Ω. Most tested cases are at Feeder 

8 which is a double circuit configuration.   
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Figure. 2. Overall the simulated system. 
 

2. PERFORMANCE EVALUATION OF CONVENTIONAL PROTECTIVE DEVICES 

The performance of conventional protection relay is discussed at different fault types such as 

open circuit, source side simultaneous earth fault, and the load side simultaneous earth fault at 

the end of the line. 

As seen in Figure. 3, the DFT-based amplitude of the sequence components of currents and zero 

sequence current at Open Circuit (1) of phase-a fault. In Figure. 3-a, the value of positive 

sequence current (i1) is slightly decreased from 71.62 to which reach to 69.95 A due the open 

circuit fault occurrence at 0.08 sec. On the contrary, the value of negative sequence current (i2) 

is increased after the instant of open circuit fault at 0.106 sec which is reached to 1.477 A as 

depicted in Figure. 3-b. Similarly, the value of the zero sequence current (io) is not changed due 

to the open circuit fault as shown in Figure. 3-c. Consequently, the protective relay could not 

detect this type of fault.  
1. First scenario: Open Circuit Fault of phase-a 

 
a) Positive sequence.                                                   b)      Negative sequence. 

 
c)    Zero sequence. 

Figure. 3. DFT-based amplitude of the sequence components of currents. 
2. Second scenario: Two Open Circuit Faults (phase-a for circuit 1 and phase-b for circuit 2) 

As depicted in Figure. 4-a, the value of i1 is slightly decreased to 64.84 A after the instant of 

open circuit fault. Conversely, the value of i2 is increased to the value 4.425 A after the same 

instant in Figure. 4-b. Similarly, the value of io  is 0.076 A after the instant of open circuit fault 

in Figure. 4-c. Consequently, the protective relay could not detect this type of fault.  
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a) Positive sequence.                                                     b)      Negative sequence. 

 

c)    Zero sequence. 

Figure. 4. DFT-based amplitude of the sequence components of currents for the second 

scenario. 
3. Third scenario: Source side simultaneous earth fault (shunt fault Rf=0.01 ΩΩΩΩ) at phase-a 

As declared in Figure. 5-a, the value of i1 is decreased to 70.42 A after the instant of open circuit 

fault at 0.08 sec and then increased to 71.74 A after the short circuit instant at 0.16 sec. On the 

contrary, the value of i2 is increased to 1.622 A after the series fault occurrence and then it is 

slightly changed to 1.61 A at 0.16 sec as depicted in Figure. 5-b. Similarly, the value of io  is 

increased to 2.17 A after the instant 0.16 sec as depicted in Figure. 5-c. Consequently, the 

protective relay could detect this type of fault according to the conventional settings. 

 
a) Positive sequence.                                                            b)      Negative sequence. 

 
c)    Zero sequence. 

Figure. 5 DFT-based amplitude of the sequence components of currents for the third scenario. 

 
4. Fourth scenario: Source side simultaneous earth fault with arcing fault associated with Rf=300ΩΩΩΩ at 

phase-b 

 As seen in Figure. 6-a, the value of i1 is decreased to 69.99 A after the instant of open circuit 

fault at 0.08 sec and increased to 71.16 A after the arcing shunt fault at 0.16 sec. Conversely, 

the value of i2 is increased to 1.585 A after the open circuit instant and decrease to 1.448 A 

after the short circuit instant in Figure. 6-b. Similarly, the value of io  is also increased to 3.656 

A after the short circuit instant in Figure. 6-c. Consequently, the protective relay could detect 

this type of fault according to the conventional setting.  
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a) Positive sequence.                                                            b)      Negative sequence. 

 
c)    Zero sequence. 

Figure. 6. DFT-based amplitude of the sequence components of currents, fourth scenario. 

 
5. Fifth scenario: Load side simultaneous earth fault of Rf equal to 0.01ΩΩΩΩ at phase-a 

As seen in Figure. 7-a, the value of i1 is decreased to 70.06 A after the instant of open circuit 

fault 0.08 sec and has the same value after the short circuit instant 0.16 sec. In Figure. 7-b, the 

value of i2 is increased to 1.622 A after the open circuit instant and decreased to 1.436 A after 

the short circuit instant. As declared in Figure. 7-c, the value of io  is 0.3938 A after the short 

circuit instant in. Consequently, the protective relay could not detect this type of fault according 

to the conventional setting.  

 
a) Positive sequence.                                                            b)      Negative sequence. 

 
c)    Zero sequence. 

Figure. 7. DFT-based amplitude of the sequence components of currents, fifth scenario. 
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a) Positive sequence.                                                            b)      Negative sequence. 

 
c)    Zero sequence. 

Figure. 8. DFT-based amplitude of the sequence components of currents, at sixth scenario. 

 
6. Six scenarios: Load side simultaneous earth fault with arcing fault associated with Rf=300ΩΩΩΩ at 

phase-b 

 As depicted in Figure. 8-a, the value of i1 is decreased to 69.95 A after the instant of open 

circuit fault and has the same value after the short circuit instant. In Figure. 8-b, the value of i2 

is increased to 1.622 A after the open circuit instant and slightly decreased to 1.436 A after the 

short circuit instant. As declared in Figure. 8-c, the value of io  becomes 0.4 A after the short 

circuit instant. Consequently, the protective relay could not detect this type of fault according 

to the conventional settings.  

As discussed in this section, the impact of open circuit fault and load side simultaneous earth 

fault on the protective device is evaluated. Unfortunately, the protection relay is placed these 

types of fault and don’t operate at the instant of fault. This maloperation of the relay 

performance is caused by the small fault value of the current measured through or calculated 

by the device. Accordingly, a proposed technique is used to avoid this shortage.  

 
3. PROPOSED TECHNIQUE PRINCIPLES 

The key feature of a proposed technique depends on DWT for the fault detection. The DWT 

principles are discussed in Appendix section. The procedure of the fault detection, faulty feeder, and 

faulty phases can be generalized using Figure 9. The measuring node of each feeder is at the beginning 

of feeder near the protection relay. The absolute sum of details d2 coefficient at a frequency band 25-

12.5 kHz is calculated over one cycle period of the power frequency where sampling frequency is 

considered 100 kHz. The detection of fault tracking is done by calculating the absolute sum of details d2 

(Sd2_io) for the zero-sequence current io that is as follows: 

                                                                      ( )1

3
o a cb
i i i i×= + +          (1) 

                                                              ( )2 1
_ 2 _( ) K

d io on k N
d i nS k

= − +
=∑       (2) 

where n is used for carrying out a sliding window covering the all samples in the power frequency cycle 

and N is a number of window samples, K is all samples collected.  The timer is used for calculating the 
fault period which implemented using a sample counter and also for determining the number of fault 

events. The detection of the faulted phase is done by calculating the absolute sum of d2 (Sd2) for each 

phase as follows: 
                                                                 ( )2 , ,1

2 _( ) K

d a b cn k N
d i nS k

= − +
=∑         (3) 

The selectivity of the faulted phase using the logic function as seen in Figure 10 is done at the same time 

for the fault detection. If the difference between the absolute sum of details of each phase is positive, 

can be considered 1 and when it is a negative value can be considered the zero. 
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Figure. 9. The proposed detection technique.                 Figure. 10.   a) Fault phase selectivity. 

                                                                                                   b)  Equivalent logic function. 
4. DWT-BASED FAULT DETECTION 

Fault detection performance: 

The performance of the detector Sd2_io for different zero sequence current at all cases which the 

protection relay doesn’t operate. As seen in Figure 11, the performance of the absolute sum of 

zero sequence currents in all cases. In Figure 11-a, the absolute sum of d2   at the instant of open 

circuit fault is increased which reach to 0.04. Similarly, in Figure 11-b the value of the absolute 

sum is increased which reach 0.96. As declared in Figure 11-c, the value of the absolute sum is 

increased at two instants (open circuit-short circuit). In the first instant, the value of the absolute 

sum is reached to (0.04) and the value of Sd2_io   in the next instant is reached to 1.55. As depicted 

in Figure 11-d, the value of Sd2_io   is increased at two instants which reach to 0.009 and 0.159, 

respectively. Based on fourth results, the proposed technique detects all cases at the instants of 

the simultaneous fault.  

 
a) Open Circuit.                                               b) Two open circuit simultaneous faults.  

  
              c)    Load side simultaneous earth fault.                d) Load side simultaneous earth fault with arcing 

                                                                                                                       impedance 

Figure. 11. Performance of the absolute sum of d2 for io at different fault condition. 

 

Fault Selectivity: 

As seen in Figure 12, the performance of the absolute sum of phases currents in all cases. In 

Figure 12-a, Dab is positive and Dca is negative, which mean the faulty phase is phase_a based 

on the large value of Sia. Similarly, in Figure 12-b two phase are detected which this case is 

difficult. In this case, Dab is positive and Dca is negative, which mean the faulty phase is phase_a 

for the circuit (1) and Dbc is positive and Dab is negative, which mean the faulty phase is phase_b 

according to the large value of Sia, Sib. As declared in Figure 12-c, Dab is positive and Dca is 
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negative, which mean the faulty phase is phase_a based on the large value of Sia. As depicted 

in Figure 12-d, Dbc is positive and Dab is negative, which mean the faulty phase is phase_b 

according to  the large value of Sib. Based on the best identification in the above results, the 

proposed technique is detecting the faulty phases in all case. Furthermore, based on these 

results, the detection of the instants of faults instants are clear in those figures. 

   
a) Open Circuit 1.                                               b)      Two open circuit simultaneous fault  

 
c)    Load side simultaneous earth fault.                     d) Load side simultaneous earth fault with arcing impedance  

Figure. 12. Performance of the absolute sum of d2 for phases current at different fault 

condition. 
5. DISCUSSION AND CONCLUSION 

Impact of open circuit fault and load side simultaneous earth fault have been presented. The 

protection relay could not detect those types of faults. A proposed technique for detecting those 

faults has been discussed. The fault feature has been extracted using DWT. The proposed 

technique behavior has been investigated by simulating the real network. Therefore, sensitive 

and secure detection of the instants of the fault and faulty phase using DWT. 
6. APPENDIX 

ATPDraw Simulated Network 

As seen in Figure 13, the considered ATPDraw network, it contains the MV network which 

consists of the output feeders from the primary substation which reach to distribution panels. 

These distribution panels are feeding all distribution transformer (11/0.4kV). The residual 

current described by (1) and the universal arc representation are illustrated in the same figure. 

The feeders are represented using a frequency-dependent Marti model as declare in this figure.  

 
Figure. 13 ATPDraw network 

      

 

 

Universal Arc Representation 
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DWT 

Wavelets are families of functions gathering from one single function which called mother 

wavelets by means of scaling and translating operations. The scaling operation is used to dilate 

and compress the mother wavelet to obtain respective high and low-frequency information of 

the function to be analyzed. The translation is used to obtain the time information. The DWT is 

in the form as follow: 
                                         ( ) ( )1

,
m

o o

mm
n oo

k nb a
DWT f m k x n

aa
ψ ψ

 −
=  

 
∑     (4) 

  where ψ(.) is the mother wavelet that is directly dilated and translated by ao
m and nboao

m, 

respectively. ao and bo are fixed values with ao>1 and bo> 0. m and n are integers. In the case of 

the dyadic transform, which can be viewed as a special kind of DWT spectral analyzer, ao=2, 

and bo=1. Several wavelet families are tested to extract the fault feature using the wavelet 

toolbox incorporation into the MATLAB program [8]. Daubechies wavelet 14 (db14) is 

appropriate for detecting these faults.   
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SUMMARY 

 
In this paper, the performance of conventional protective devices in MV feeders is evaluated as 
concerned for simultaneous shunt and series single-phase faults in redial distribution feeders. There are 

two configurations of the simultaneous shunt and series earth faults where the shunt and series fault 

positions are exchanged. When the shunt fault is downstream the series fault, it is called single-phase 
return fault where its detection is still a challenge in the redial feeders. Simultaneous earth fault features 

are extracted from the network phase current using discrete wavelet transformer (DWT) to introduce a 

detection algorithm of simultaneous fault. The accuracy of detection is also enhanced because the DWT 

is responded to the periodicity of initial transients. The absolute sum of DWT details coefficients 

corresponding to an estimated frequency band is computed in one power cycle for both phases and zero 

sequence current of the feeder. In order to evaluate the proposed detection method, a detailed simulation 

model was built using the ATP-EMTP program for a typical distribution feeder from the Egyptian 

network and the arc model are also used in this study using the universal arc representation. The results 

corroborate the efficacy of the proposed detection method of the single-phase return faults in distribution 
networks. The experimental implementation of DWT is accomplished using the DSP board (DSP1003) 

with a reduction of its lengthy execution time. 

 

KEYWORDS 

Medium voltage distribution feeders, single-phase return faults, zero sequence current, Discrete Wavelet 
Transform (DWT). 

 

1. INTRODUCTION 

Power Distribution systems typically consist of primary feeders (redial) and secondary feeders 

with tapped off laterals and sub-laterals wide spreading around urban or rural areas. 

Simultaneously, distribution feeders are also located near trees, and sometimes are accessible 

by animals or subjected to lightnings. Hence, distribution feeder's unique characteristic 

distinguishes to them a stochastic nature of faults. In secondary feeders, the laterals and sub-

laterals are affected by the fault detection. The fault types in distribution can be divided into 

temporary and permanent faults. The permanent faults consist of shunt type faults (line to 

ground, line-line to ground, … etc.), open circuit faults (called series faults), and simultaneous 

faults (shunt and series). The simultaneous fault type is happening when shunt and series faults 

occurred in the same area such as downed broken conductors. This type of faults can be divided 

into source side simultaneous earth fault where the shunt earth fault is at the source side (see 

Figure 1.a) and load side simultaneous earth fault where the shunt earth fault is at the load side 

(see Figure 1.b). The load side simultaneous earth fault is known and called in the field by 

single-phase return fault. Two types of simultaneous faults are done as considered with and 

without arcing impedance fault, in which its modeling is introduced in [1]. 
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a) Source side simultaneous earth fault.                         b) load side simultaneous earth fault. 

Figure 1. Two example of a simultaneous earth fault. 

The conventional protection scheme in MV feeders consists of overcurrent and earth fault 

relays, in which they don’t operate at some fault such as open circuit and single-phase return 

faults. These devices are failed because they operate using phase/symmetrical components of 

voltages and currents function that don’t discriminate those type of faults. The single-phase 

return fault is a special type of faults because it still offers for attention as an unsolved protection 

problem [2]. The reason is caused to an extremely small magnitude of fault current, will not be 

usually detected by the conventional protection devices. However, the single-phase return faults 

are dangerous due to the risks of electrocution and fire hazard.   

The simultaneous faults are considered a special type of high impedance faults. Several methods 

were used for detecting the high impedance faults where the fault features are extracted Fast 

Fourier Transformer, Kalman Filter, and Discrete Wavelet Transformer (DWT). In [3-5], the 

high impedance faults were detected using the DWT. The DWT has been used to detect the 

high impedance due to learning tree by using the phase currents in unearthed MV network in 

[3]. Similarly, the DWT has located the high impedance faults by using transient power 

direction in [4]. In [5], the DWT has detected the same type of fault by using zero sequence 

currents and voltages. 

In this paper, the impact of load side simultaneous earth faults on the performance of 

conventional protective devices in MV feeders is presented. The initial transient of both faults 

is sensing based on the DWT details coefficient of both phases and zero sequence current to 

detect the fault instant and faulted phase, respectively. Based on the phase currents, the faulted 

phase has the highest absolute sum when it is compared with the other healthy phases. 

Therefore, the Logic Functions are suggested to determine the faulted phase. The proposed 

algorithm is evaluated at different fault location of the real 11 kV earthed network. This medium 

distribution system is simulated using ATP/EMTP program. The arcing impedance fault is 

implemented using the universal arc representation. 

 
2. SIMULATED SYSTEM 

Figure. 2 shows the single line diagram of an earthed 11 kV, 13 distribution feeders simulated 

using the ATP/EMTP program [6]. The arcing fault model is represented by two series ports 

that are a high resistance and dynamic arc model, which is briefly discussed in [7]. The 

considered values of resistive faults are 0.01, 300, and 1000 Ω. Most tested cases are at Feeder 

8 which is a double circuit configuration.   
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Figure. 2. Overall the simulated system. 
 

2. PERFORMANCE EVALUATION OF CONVENTIONAL PROTECTIVE DEVICES 

The performance of conventional protection relay is discussed at different fault types such as 

open circuit, source side simultaneous earth fault, and the load side simultaneous earth fault at 

the end of the line. 

As seen in Figure. 3, the DFT-based amplitude of the sequence components of currents and zero 

sequence current at Open Circuit (1) of phase-a fault. In Figure. 3-a, the value of positive 

sequence current (i1) is slightly decreased from 71.62 to which reach to 69.95 A due the open 

circuit fault occurrence at 0.08 sec. On the contrary, the value of negative sequence current (i2) 

is increased after the instant of open circuit fault at 0.106 sec which is reached to 1.477 A as 

depicted in Figure. 3-b. Similarly, the value of the zero sequence current (io) is not changed due 

to the open circuit fault as shown in Figure. 3-c. Consequently, the protective relay could not 

detect this type of fault.  
1. First scenario: Open Circuit Fault of phase-a 

 
a) Positive sequence.                                                   b)      Negative sequence. 

 
c)    Zero sequence. 

Figure. 3. DFT-based amplitude of the sequence components of currents. 
2. Second scenario: Two Open Circuit Faults (phase-a for circuit 1 and phase-b for circuit 2) 

As depicted in Figure. 4-a, the value of i1 is slightly decreased to 64.84 A after the instant of 

open circuit fault. Conversely, the value of i2 is increased to the value 4.425 A after the same 

instant in Figure. 4-b. Similarly, the value of io  is 0.076 A after the instant of open circuit fault 

in Figure. 4-c. Consequently, the protective relay could not detect this type of fault.  
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a) Positive sequence.                                                     b)      Negative sequence. 

 

c)    Zero sequence. 

Figure. 4. DFT-based amplitude of the sequence components of currents for the second 

scenario. 
3. Third scenario: Source side simultaneous earth fault (shunt fault Rf=0.01 ΩΩΩΩ) at phase-a 

As declared in Figure. 5-a, the value of i1 is decreased to 70.42 A after the instant of open circuit 

fault at 0.08 sec and then increased to 71.74 A after the short circuit instant at 0.16 sec. On the 

contrary, the value of i2 is increased to 1.622 A after the series fault occurrence and then it is 

slightly changed to 1.61 A at 0.16 sec as depicted in Figure. 5-b. Similarly, the value of io  is 

increased to 2.17 A after the instant 0.16 sec as depicted in Figure. 5-c. Consequently, the 

protective relay could detect this type of fault according to the conventional settings. 

 
a) Positive sequence.                                                            b)      Negative sequence. 

 
c)    Zero sequence. 

Figure. 5 DFT-based amplitude of the sequence components of currents for the third scenario. 

 
4. Fourth scenario: Source side simultaneous earth fault with arcing fault associated with Rf=300ΩΩΩΩ at 

phase-b 

 As seen in Figure. 6-a, the value of i1 is decreased to 69.99 A after the instant of open circuit 

fault at 0.08 sec and increased to 71.16 A after the arcing shunt fault at 0.16 sec. Conversely, 

the value of i2 is increased to 1.585 A after the open circuit instant and decrease to 1.448 A 

after the short circuit instant in Figure. 6-b. Similarly, the value of io  is also increased to 3.656 

A after the short circuit instant in Figure. 6-c. Consequently, the protective relay could detect 

this type of fault according to the conventional setting.  
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a) Positive sequence.                                                            b)      Negative sequence. 

 
c)    Zero sequence. 

Figure. 6. DFT-based amplitude of the sequence components of currents, fourth scenario. 

 
5. Fifth scenario: Load side simultaneous earth fault of Rf equal to 0.01ΩΩΩΩ at phase-a 

As seen in Figure. 7-a, the value of i1 is decreased to 70.06 A after the instant of open circuit 

fault 0.08 sec and has the same value after the short circuit instant 0.16 sec. In Figure. 7-b, the 

value of i2 is increased to 1.622 A after the open circuit instant and decreased to 1.436 A after 

the short circuit instant. As declared in Figure. 7-c, the value of io  is 0.3938 A after the short 

circuit instant in. Consequently, the protective relay could not detect this type of fault according 

to the conventional setting.  

 
a) Positive sequence.                                                            b)      Negative sequence. 

 
c)    Zero sequence. 

Figure. 7. DFT-based amplitude of the sequence components of currents, fifth scenario. 
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a) Positive sequence.                                                            b)      Negative sequence. 

 
c)    Zero sequence. 

Figure. 8. DFT-based amplitude of the sequence components of currents, at sixth scenario. 

 
6. Six scenarios: Load side simultaneous earth fault with arcing fault associated with Rf=300ΩΩΩΩ at 

phase-b 

 As depicted in Figure. 8-a, the value of i1 is decreased to 69.95 A after the instant of open 

circuit fault and has the same value after the short circuit instant. In Figure. 8-b, the value of i2 

is increased to 1.622 A after the open circuit instant and slightly decreased to 1.436 A after the 

short circuit instant. As declared in Figure. 8-c, the value of io  becomes 0.4 A after the short 

circuit instant. Consequently, the protective relay could not detect this type of fault according 

to the conventional settings.  

As discussed in this section, the impact of open circuit fault and load side simultaneous earth 

fault on the protective device is evaluated. Unfortunately, the protection relay is placed these 

types of fault and don’t operate at the instant of fault. This maloperation of the relay 

performance is caused by the small fault value of the current measured through or calculated 

by the device. Accordingly, a proposed technique is used to avoid this shortage.  

 
3. PROPOSED TECHNIQUE PRINCIPLES 

The key feature of a proposed technique depends on DWT for the fault detection. The DWT 

principles are discussed in Appendix section. The procedure of the fault detection, faulty feeder, and 

faulty phases can be generalized using Figure 9. The measuring node of each feeder is at the beginning 

of feeder near the protection relay. The absolute sum of details d2 coefficient at a frequency band 25-

12.5 kHz is calculated over one cycle period of the power frequency where sampling frequency is 

considered 100 kHz. The detection of fault tracking is done by calculating the absolute sum of details d2 

(Sd2_io) for the zero-sequence current io that is as follows: 

                                                                      ( )1

3
o a cb
i i i i×= + +          (1) 

                                                              ( )2 1
_ 2 _( ) K

d io on k N
d i nS k

= − +
=∑       (2) 

where n is used for carrying out a sliding window covering the all samples in the power frequency cycle 

and N is a number of window samples, K is all samples collected.  The timer is used for calculating the 
fault period which implemented using a sample counter and also for determining the number of fault 

events. The detection of the faulted phase is done by calculating the absolute sum of d2 (Sd2) for each 

phase as follows: 
                                                                 ( )2 , ,1

2 _( ) K

d a b cn k N
d i nS k

= − +
=∑         (3) 

The selectivity of the faulted phase using the logic function as seen in Figure 10 is done at the same time 

for the fault detection. If the difference between the absolute sum of details of each phase is positive, 

can be considered 1 and when it is a negative value can be considered the zero. 
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Figure. 9. The proposed detection technique.                 Figure. 10.   a) Fault phase selectivity. 

                                                                                                   b)  Equivalent logic function. 
4. DWT-BASED FAULT DETECTION 

Fault detection performance: 

The performance of the detector Sd2_io for different zero sequence current at all cases which the 

protection relay doesn’t operate. As seen in Figure 11, the performance of the absolute sum of 

zero sequence currents in all cases. In Figure 11-a, the absolute sum of d2   at the instant of open 

circuit fault is increased which reach to 0.04. Similarly, in Figure 11-b the value of the absolute 

sum is increased which reach 0.96. As declared in Figure 11-c, the value of the absolute sum is 

increased at two instants (open circuit-short circuit). In the first instant, the value of the absolute 

sum is reached to (0.04) and the value of Sd2_io   in the next instant is reached to 1.55. As depicted 

in Figure 11-d, the value of Sd2_io   is increased at two instants which reach to 0.009 and 0.159, 

respectively. Based on fourth results, the proposed technique detects all cases at the instants of 

the simultaneous fault.  

 
a) Open Circuit.                                               b) Two open circuit simultaneous faults.  

  
              c)    Load side simultaneous earth fault.                d) Load side simultaneous earth fault with arcing 

                                                                                                                       impedance 

Figure. 11. Performance of the absolute sum of d2 for io at different fault condition. 

 

Fault Selectivity: 

As seen in Figure 12, the performance of the absolute sum of phases currents in all cases. In 

Figure 12-a, Dab is positive and Dca is negative, which mean the faulty phase is phase_a based 

on the large value of Sia. Similarly, in Figure 12-b two phase are detected which this case is 

difficult. In this case, Dab is positive and Dca is negative, which mean the faulty phase is phase_a 

for the circuit (1) and Dbc is positive and Dab is negative, which mean the faulty phase is phase_b 

according to the large value of Sia, Sib. As declared in Figure 12-c, Dab is positive and Dca is 



 

 

Cigre Egypt 2019 

62 

 

negative, which mean the faulty phase is phase_a based on the large value of Sia. As depicted 

in Figure 12-d, Dbc is positive and Dab is negative, which mean the faulty phase is phase_b 

according to  the large value of Sib. Based on the best identification in the above results, the 

proposed technique is detecting the faulty phases in all case. Furthermore, based on these 

results, the detection of the instants of faults instants are clear in those figures. 

   
a) Open Circuit 1.                                               b)      Two open circuit simultaneous fault  

 
c)    Load side simultaneous earth fault.                     d) Load side simultaneous earth fault with arcing impedance  

Figure. 12. Performance of the absolute sum of d2 for phases current at different fault 

condition. 
5. DISCUSSION AND CONCLUSION 

Impact of open circuit fault and load side simultaneous earth fault have been presented. The 

protection relay could not detect those types of faults. A proposed technique for detecting those 

faults has been discussed. The fault feature has been extracted using DWT. The proposed 

technique behavior has been investigated by simulating the real network. Therefore, sensitive 

and secure detection of the instants of the fault and faulty phase using DWT. 
6. APPENDIX 

ATPDraw Simulated Network 

As seen in Figure 13, the considered ATPDraw network, it contains the MV network which 

consists of the output feeders from the primary substation which reach to distribution panels. 

These distribution panels are feeding all distribution transformer (11/0.4kV). The residual 

current described by (1) and the universal arc representation are illustrated in the same figure. 

The feeders are represented using a frequency-dependent Marti model as declare in this figure.  

 
Figure. 13 ATPDraw network 

      

 

 

Universal Arc Representation 
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DWT 

Wavelets are families of functions gathering from one single function which called mother 

wavelets by means of scaling and translating operations. The scaling operation is used to dilate 

and compress the mother wavelet to obtain respective high and low-frequency information of 

the function to be analyzed. The translation is used to obtain the time information. The DWT is 

in the form as follow: 
                                         ( ) ( )1

,
m

o o

mm
n oo

k nb a
DWT f m k x n

aa
ψ ψ

 −
=  

 
∑     (4) 

  where ψ(.) is the mother wavelet that is directly dilated and translated by ao
m and nboao

m, 

respectively. ao and bo are fixed values with ao>1 and bo> 0. m and n are integers. In the case of 

the dyadic transform, which can be viewed as a special kind of DWT spectral analyzer, ao=2, 

and bo=1. Several wavelet families are tested to extract the fault feature using the wavelet 

toolbox incorporation into the MATLAB program [8]. Daubechies wavelet 14 (db14) is 

appropriate for detecting these faults.   
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SUMMARY  
 
This paper presents an optimum method for improvement of power system harmonics level by using 

shunt passive tuned filters, which are connected to the power system networks. Power system 

harmonics are defined as sinusoidal voltage and currents at frequencies that are integer multiples of 

the main generated (or fundamental) frequency. They constitute the major distorting components of 

the mains voltage and load current waveforms. The increasing content of power system inter-

harmonics, i.e. distorting components at frequencies that are not integer multiples of the fundamental, 

has prompted a need to give them greater attention. Electric generator excitation has become the major 

sources of harmonics. Harmonics may exist in voltage or current waves and presence of current 

harmonics leads to presence of voltage harmonics. In practice, current harmonics appear in the first 
due to irregular current waveforms. When the harmonic current passing through the impedance of the 

network, the harmonic voltage will appear. The considered non-linear load is the excitation of 1200-

MW generator in a nuclear power plant. This approach is applied to improve the power system 
harmonics level resulted from the non-linear loads in the nuclear power plants to the acceptable level. 

This can be achieved by using two passive single tuned filters which are in the 11th and 13th harmonic 

order frequencies. The total harmonic distortion THD of voltage and current, the filter quality factor, 

effect of one filter outage, effect of filter detuning, effect of manufacturing tolerance of filter 

capacitance and inductance must be taken in consideration during the filters design. Then, the filter 

parameters R, L and C can be determined for each of the two filters.  The considered generator 
excitation is located in El-Dabaa Nuclear Power Plant located in El-Dabaa City, Egypt.  
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I. INTRODUCTION 
 
      Power system harmonics affect on power quality which is an issue that has become increasingly 

important to electricity consumers at all levels of usage. Due to increase of using loads which has non-

linear characteristic, such as Generator Excitation, Power electronics loads, DC-Converters, PCs, arc 
furnaces, arc welders, ….etc. It is found that these loads may cause disturbances in the power systems 

networks. These disturbances are: a distortion in voltage and current waveforms due to generated 

harmonics. Voltage fluctuations and flickers, over or under voltage and unbalance of voltage and 

current phases are also power quality indices that assign system operation. According to these 

disturbances, the power quality expression has appeared to determine the best service conditions.         

      When a consumer is fed by specified values of sinusoidal waves of voltages and currents and these 

voltages and currents are balanced (equal in magnitude and 120° apart) it is said that “Good Power 

quality”. However, the power quality is mainly related to the voltages and currents and can be judged 

by the following factors: 
1) Harmonic contents. 

2) The system frequency. 

3) The voltage and current distortion.  

4) Degree of voltage stability. 

 5) Balancing and symmetry of three-phase system voltage values.    

                                                                                                                                                                                                                                                                                                   

       Due to the difficulty of achieving the best service conditions (that is pure waves and fixed 
voltage) at each consumer terminals the power quality international standards, such as the IEC 61000 

and IEEE-519-92-standards, have appeared to give the acceptable disturbances levels of each 

electrical variable [1].                                             
       Characteristic harmonics produced by the generator excitation which contains the DC-choppers in 

the case of normal operation. In a six-pulse and 12-pulse converters, the characteristic harmonics are 

the non-triple odd harmonics, for example the 5th, 7th, 11th, 13th,… etc. The formula for the harmonic 
current components of the A.C. current wave is: 

 

                h = k q ± 1                                            ( 1 )                  

     Where h is the harmonic order, k = any positive integer and q = pulse number of the DC-converters 

[2].  

 

II. NORMAL FLOW OF HARMONIC CURRENTS 

 
      Harmonic currents tend to flow from the nonlinear loads (harmonic sources) toward the lowest 

impedance, usually the utility source, as shown in Figure (1). The impedance of the utility source is 

usually much lower than parallel paths offered by loads. However, the harmonic current will split 

depending on the impedance ratios. It is to be noted that higher harmonic currents will flow in 
capacitors which have low impedance at high frequencies [3]. 

 

Figure (1): Normal flow of harmonics currents. 
 

       For the 1200-MW generator excitation which contains 12-pulse converter, two passive single 

tuned filters which in 11th and 13th harmonic order frequencies are designed and used for 

improvement of the power system harmonics level to an acceptable level. The total harmonic 
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distortion THD of voltage and current, the filter quality factor, effect of one filter outage, effect of 
filter detuning, effect of manufacturing tolerance of filter capacitance and inductance must be taken in 

consideration during the filters design. Then, filter parameters R, L and C can be determined for each 

of the two filters. Furthermore, a non-linear optimization technique is used to obtain the optimal 
values of these parameters.                                        

        According to the IEEE-Std. 519-1992, the voltage total harmonic distortion (THDv) is defined as 

the follows: 

                 1

2

2

V

N

n
V n

THDv

∑

=
=

                   (2) 

 

      Where Vn is magnitude of the voltage at harmonic n in volts, V1 is magnitude of the voltage for 

the fundamental frequency, and N is the maximum harmonic order to be considered. Similarly, the 

current total harmonic distortion (THDi) is defined as follows: 
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                                  (3)  

         Where I2, I3,… IN are the harmonic currents, in amperes, and I1 is the fundamental frequency 
current, in amperes. 

 

  

       Then, the filter capacitance is computed as follows: 

 

                    

ω O
V

Qc
C

2
=                        (4)                 

    Where V is the supply phase voltage, Qc is the filter quality factor, ωο=2πƒο and ƒο is the 

fundamental frequency.  

 

 

      Also, the filter impedance can be determined as the following: 

 

               ]
C

1
-j[  R  Z
ω

ωL+=                    (5) 

 

Where R and L are resistance and inductance of the filter coil, respectively [4].  
 

 

 
 

       Referring to Figure (2)-a and b, the impedance of the designed shunt passive tuned filter at any 

tuned frequency ƒ is given by: 
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Fig. (2)-a: Single tuned filter configuration.   Fig. (2 )-b: Impedance versus frequency of single tuned filter.     

 

       According to IEEE-Std.519-1992, the recommended voltage total harmonic distortion (THDV) 

limits are summarized in Table (I), while the current total harmonic distortion (THDi) limits are given 

in Table (II). In Table (II), the Isc/IL ratio shows the relative impact that a given customer can have on 

the utility. 

 
TABLE I                                                                                                                                                        

THE IEE-STD 519-1992 VOLTAGE THD LIMITS 

 

TABLE II                                                                                                                                                                                    

THE IEEE-STD 519-1992 CURRENT THD LIMITS 

 
       Where, Isc = maximum short circuit current at PCC, IL = maximum demand load current 

(fundamental frequency component) at PCC, PCC = point of common coupling [5]. 

III. THE CONSIDERED EXCITATION OF  1200-MW GENERATOR OF 

NUCLEAR POWER REACTOR 
 

      It is considered that the type of DC-converter which is used in the 1200-MW generator excitation 

in El-Dabaa Nuclear Power Plant located in El-Dabaa City north of Egypt is a 12-pulse converter. Due 

Bus voltage at PCC Individual voltage 

distortion (%) 

Total voltage distortion 

Limits THDv  (%) 

69 KV and below 3 5 

69.01 KV through 161 KV 1.5 2.5 

161.01 KV and above 1 1.5 

 

ISC/I 

Individual harmonic order (Odd harmonic)  

THDi 

% 

<11 11≤h<17 17≤h<23 23≤h<35 35≤h 

ISC/I < 20 4 2 1.5 0.6 0.3 5 

20 ≤ ISC/I ≤ 50 7 3.5 2.5 1 0.5 8 

50 ≤ ISC/I ≤ 100 10 4.5 4 1.5 0.7 12 

100 ≤ ISC/I ≤ 1000 12 5.5 5 2 1 15 

ISC/I > 1000 15 7 6 2.5 1.4 20 
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to the harmonic current generated from the connected DC-converter in the generator excitation, it is 
found that the harmonic voltage is generated at the point of common coupling PCC as shown in Fig. 

(3). The considered underground cable parameters R, L and C are 0.113Ω, 0.18mH and 0.318μF, 

respectively. So, we find that the impedance of cable insulation capacitance equals 1801.8-pu and it is 
much greater than impedance of cable conductance (resistance and inductance) which equals 0.01137-

pu. Due to the current harmonics generated from the connected converter, it is found that voltage 

harmonics are generated at the point of common coupling (PCC). Table ( III   ) gives the measured 

voltage and current harmonic values at the PCC [6]. 

 

 
 

 
Figure (3): Connection diagram of the power system network with the generator excitation in 

Al-Dab’a Nuclear Power Plant. 

 
 

 

 
       It is of importance to note that the generator excitation loading conditions, as given in table (III), 

are dependent upon the operation condition of the nuclear power plant generator [6]. 

 

 
TABLE III                                                                                                                                                                                          

HARMONIC CONTENT OF THE VOLTAGE AND CURRENT WAVES AT THE PCC 

Loading conditions Harmonic order Voltage (V) Current (A) 

 

Generator Operation at Full 

Load Condition 

st1 20559 ∟-13 16392 ∟-20 

th11 2466∟-31 1731 ∟-284 

th13 1358 ∟-119 940 ∟-7.3 

     

 

     The figures (4)-a through (4)-d, show the waveforms and harmonics analysis for the current and 

voltage at the PCC. 
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Figure (4)-a: The current waveform at the PCC for the base condition. 

 

 

 
Figure (4)-b:The harmonic analysis of the current at the PCC for the base load.  

 

 

 

 
Figure (4)-c: The voltage waveform at the PCC for the base load condition. 

 

 

 
 

Figure (4)-d: The harmonic analysis of the voltage at the PCC for the full load.  

 

      From Figure (5), the short circuit current can be determined and is equal to Isc=7992 A, and the 
load current is given IL=16392 A. So that, the ratio between the determined short circuit current and 

the given load current (Isc/ IL) is equal to 0.49 From table (I ) and ( II ), it is found that the THD 

values for the voltage and current are 5% both. In order to find the THDi limit, as given in Table (II ), 
the short circuit current ratio (Isc / IL) should be computed for the considered power system networks. 

(Isc is the short circuit current at the PCC and IL is the converter fundamental current component) [4, 

5 and 6].                                         
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Figure (5): The power system networks equivalent circuit under short circuit condition. 

 

 

        From Figure (5), in the short circuit current calculations, we find that the impedance of cable 

insulation capacitance which equals 1801.8-pu and it is much greater than the impedance of cable 

conductance (resistance and inductance) which equals 0.01137-pu, and the generator excitation is fed 

from a bus bar which is connected to the two low sides of the tertiary transformer, so the apparent 

power is total apparent power of the tertiary transformer which equals 36 MVA. It is clear that the 

most of short circuit current passes through the impedance of cable conductance (resistance and 
inductance), and it is found that Isc = 7992 A, hence the ratio Isc / IL =7992/16392 = 0.49. Thus, the 

first row in Table (II) is applied and the THDi limit is equal to 5.0 % [6 and 7].  

 
 

IV. DESIGN OF THE TWO PROPOSED SHUNT PASSIVE TUNED FILTERS 

PARAMETERS 
 

       Now, choosing different capacitance values for each of the two proposed filters, the corresponding 

filters parameters R and L are computed, by using Eqn. (6), and (7). As a first step, before carrying out 

the filters design computations, we should obtain the largest capacitance “C” that can be connected at 

the PCC. It is of importance to note that choosing larger values for the capacitance “C”, which 
represents the needed capacitance for the two proposed filters, a larger reactive power can be delivered 

by the two filters. However, the two filters cost can be greatly increased when larger values of filters 

capacitances C are chosen. Selecting different values for the connected capacitance, the PCC voltage 
values are computed and shown in Fig. (6). From this figure, it is clear that the voltage value at the 

PCC does not exceed its practical limit 1.05 P.U when the connected capacitance value be less than 

about 105 μF. 

     Note that for each capacitance chosen value, the filter resistance R (in Ohm) and the filter 

inductance L (in Henry) are computed as: 

                    
Q

L
R hω

=                    ( 6 ) 

                    

C
L

hω
2

1
=                      ( 7 )  

     Where, ωh = 2π × 50 × h, h = 11 and 13, Q is the filter Quality Factor and it is taken to be equal 

100 which is the nominal value for the air-cored coil of filters. Then, filter resistance R is computed 

[7, and 8]. 

 
Figure (6): Voltage across the connected capacitor for different capacitance values. 
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      From the previous studies, it is found that choosing capacitance for each of the proposed two 

filters to be equal 50μF, (this essentially means that is the best capacitance value of each filter that 

makes the THDv and THDi are within the standard limits at different operation conditions) [9]. It can 
satisfy the following conditions: 

1- The filter capacitor peak and RMS voltages do not exceed the IEEE-Std. 519-92 limits. 

2- The parallel resonance cann’t occur near any of the two filters tuned frequencies. 

3- The THDi and THDv values at the PCC do not exceed the IEEE-Std. 519-92 limits. 

4- Least constant value of the two filters active power loss [10 and 11]. 

 
    From Figure (6), it is shown that the range of the total capacitance of the two proposed filters that 

satisfies the IEEE-Std. 519-92 limits is:  

10 μF ≤ C11 ≤ 50 μF 
10 μF ≤ C13 ≤ 50μF 

Where, Ct = C11 + C13 

 
      For the considered capacitance value for each of the proposed filter, the corresponding R and L 

parameters values are computed by using Eqns. (6) and (7) and the obtained results are given in Table 

(IV). 

 

TABLE IV                                                                                                                     

PARAMETERS OF THE PROPOSED TWO TUNED    FILTERS. 

 

 

 

 

 

 

 

 

 
 

 

       Considering the two filters parameters values, as given in Table (IV), the values of the total 
harmonic distortion of current and voltage results are given in Table (V). 

 

TABLE V                                                                                                                                    

RESULTS OF POWER SYSTEM HARMONICS STUDIES FOR TE POWER SYSTEM 

NETWORKS WITH THE PRPOSED TWO FILTERS. 

 

 

 

 
 

 

       Now, by using simulink 
simulation, the current and the voltage waveform at the PCC are obtained as shown in Fig. (7) a and b.  

 
 

13th harmonic 

filter parameters  

11th harmonic 

filter parameters  

C 

(µF) 

L ( 

mH)  

R (Ω)  C 

(µF) 

L ( 

mH)  

R (Ω) 

50  1.2 0.049  50  1.67 0.058  

Calculated THD Results 

THDi % THDv % 

0.42 0.11 
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Figure (7)-a: The current waveform at the PCC after connecting the two proposed filters. 

 

 
 

Figure (7)-b: The voltage waveform at the PCC after connecting the two     proposed filters. 

 

 

        A comparison of the current and the voltage waveforms before and after the two proposed filters 
connection, as shown in Figs. (4)-a through d and Figs. (7)-a and b, yields that a nearly sinusoidal 

current and voltage waveforms are obtained, and power system harmonics problems were improved by 

using the two proposed tuned filters [12 and 13]. 

 

 

V. CONCLUSION 
 

       In this paper, the power system harmonics problems resulted from nuclear power plant generator 

exciter were improved. The 12-pulse converters are used for the generator excitation. From the power 

system harmonics improvement studies, which are carried out considering the generator excitation 
composed of 12-pulse converter, we can conclude that: 

• The values of THDv and THDi results are improved and satisfy the IEEE-519 -1992 standards limit 

after connecting the 11th and 13th harmonic tuned filters. 

 • The parallel resonance occurrence, near one of the two proposed filters, can be avoided by choosing 

the same capacitance values for the two filters capacitors. 

• When smaller capacitance values are chosen for the capacitors of each of the two filters can lead to a 

sharp increase in the THDv and THDi values.  

• The active power losses of the two filters are sharply increased when choosing smaller capacitance 

values for each capacitor of the two filters.  

• Considering the tolerance of the manufacturing inductance and capacitance, a parallel resonance can 
occur near the tuned frequency at one of the two filters is tuned.  

• Increasing of the filter quality factor leads to decrease the THD for voltage and current.  

• Optimum parameters values of the filters R, L and C can lead to decrease the cost and power losses 
of the two proposed filters. 
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SUMMARY 

 

In the power system world, protection is an insurance policy which is an investment against 

damage from potential faults and its main objective is to avoid the unwanted/uninterrupted 

tripping of generators & system connected with transmission lines so as to avoid any blackout. 

On July 30th & 31st 2012, India has experienced severe power outage which led the Central 

Electricity Authority (CEA) of India to instruct regional / central / state utilities to carry out 

protection audits regularly by third party independent agencies.  

Protection Audit is mainly concerned with the checking of adequacy & robustness of protection 

setting & schemes and it is necessary to carry out this audit to ensure the continuity of service. 

The audit process can be methodically conducted by finding the inadequacy, fitness, 

inappropriate application of individual elements (all types of protective relays and their 

settings, Current Transformer (CT), Potential Transformer (PT), Capacitive Voltage 

Transformer (CVT), DC power supply, Event recorders/loggers, Power Line Carrier 

Communication (PLCC), Optic fiber links and testing and maintenance records of all relays, 

circuit breakers, etc.), application of individual elements associated with equipment and 

transmission line protection, identifying obsolete protection related equipment and checking 

adequacy and appropriateness of protection settings and schemes.  

This paper describes the protection system adopted in one of the existing substations of a utility. 

ERDA has carried out short circuit calculations, protection scheme verification with respect to 

protection philosophy, relay setting verification and have given recommendations for 

improvement, wherever required. For this work, power system E-TAP package was used to 

simulate and verify the settings. This paper also describes the protection normally required 

according to standard operating procedures mentioned in CBIP / CEA guidelines for utility 

substations and compares them with actual protection provided in the substation. 
 

 
KEYWORDS 

 
Protection audit, Event recorders/loggers, Power line carrier communication (PLCC), Optic 

fiber links, CBIP / CEA guidelines 
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I INTRODUCTION 

 Modern power systems are having more generators, transformers and a large inter 

connected network in the system. High degree of reliability is required for the better operation 

of this system. System can be protected from damage under abnormal conditions caused by 

faults, if trustworthy protective devices such as relays and circuit breakers are optimally 

installed. 

The main role of protective device and protection scheme is to isolate the faulty section from 

the healthy system without any delay and it is required to be selective and sensitive so that the 

faults are quickly identified and cleared. In a well-designed system, the protection system may 

operate very uncommonly and protective relays are rarely required to go into operation. 

However, these relays should maintain their integrity under normal system operating conditions 

and be ready for fault detection and isolation whenever required. Therefore to assess the 

healthiness of the protection system, the relays are also required to be tested periodically. 

 

II SIGNIFICANCE OF PROTECTION AUDIT 

 

The protection audit is a method to identify the shortfall, fitness, improper application of 

individual elements associated with equipment and transmission line protection. It is an activity 

to identify and weed out obsolete protection related equipment. Protection audit is necessary 

for the safety of high cost equipment used in substation as well as to maintain optimum degree 

of continuity of supply on the grid. This leads to reduced amount of loss of equipment, loss of 

power, fire hazard and loss of life. The aim of the audit is to review the protection philosophy 

by carrying out evaluation of relay coordination and protection settings; checking healthiness 

of DC system, communication link with respect to protection system, time synchronization 

units, disturbance recorders, event loggers, verifying protection testing & maintenance records 

of relays, circuit breakers and identifying & weeding out older protection system technology. 

 

III PROCEDURE ADOPTED FOR AUDIT OF SUBSTATION 

The audited substation system comprises of 220 kV network having 10 feeders (Station A-1 to 

10); 132 kV Network with 10 feeders (Stations B-1 to 10) and 66 kV network of 6 feeders 

(Station C-1 to 6). It is also having one transformer connected between 220 & 132 kV voltage 

level (100 MVA) and two transformers connected between 132 kV and 66 kV voltage level (50 

MVA each). All related data for conducting study in ETAP is collected including load data, 

transformer name plate data, relay settings, existing line /cable data, etc.    

 

A. Load flow Study:  

As part of protection audit, first of all load flow study of the system as per Fig. 1 was carried 

out.  
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Fig. 1. Single Line Diagram of 220/132/66 kV Substation system 

 

The summary of the analysis is presented in Table 1. 

 

Table 1: Summary of Total Generation, Loading & Demand 

 

 MW MVAr MVA % PF 

Source (Swing 

Buses)  

543.012 11.635 543.135 99.98 Lagging 

Total Demand 543.012 11.635 543.135 99.98 Lagging 

Total Static 

Load 

542.432 0.227 542.432 100.00 Lagging 

Apparent 

Losses 

0.580 11.408   

Table 1 shows the total demand & generation of system along with MW & MVAR flow. The 

analysis indicated that none of the transformers were overloaded.  

 

B. Short Circuit Study: 

Based on load flow study, short-circuit study was conducted as per single line diagram given in 

Fig.-2 and analysis report as per Table 2.  
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Fig. 2. Single Line Diagram for short-circuit study of 220/132/66 kV Substation system 

 

Table 2: Short-circuit Study Summary report 

Bus  3 Phase fault (kA) Line to Ground fault (kA) 

ID kV I"k ip Ik I"k ip Ib Ik 

66 kV BUS 66.000 10.129 26.695 10.129 11.853 31.236 11.853 11.853 

220 kV 

Bus-I 
220.000 35.109 92.525 35.109 35.109 92.525 35.109 35.109 

220 kV 

Bus-II 
220.000 35.109 92.525 35.109 35.109 92.525 35.109 35.109 

132 kV 
BUS 132.000 11.567 30.426 11.567 12.329 32.429 12.329 12.329 

 

Bus  Line to Line fault (kA) 
Line to Line to Ground fault 

(kA)  

ID I"k ip Ib Ik I"k ip Ib Ik 

66 kV BUS 8.772 23.119 8.772 8.772 11.311 29.810 11.31 11.311 

220 kV 

Bus-I 
30.405 80.129 30.405 30.405 35.109 92.525 

35.10

9 
35.109 

220 kV 

Bus-II 
30.405 80.129 30.405 30.405 35.109 92.525 

35.10

9 
35.109 

132 kV BUS 10.018 26.350 10.018 10.018 12.005 31.576 12.00 12.005 
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The results of the analytical study enable calculation of the fault level of each and every bus in 

system for 3-phase, L-L L-G, L-L-G faults. 

 

C. Relay Co-ordination Study: 

After conducting load and short-circuit study, relay co-ordination study was carried out to check 

the appropriateness of relay settings with respect to existing relay settings for 3-phase fault 

condition on station A-8 feeder. Sequence of operation was observed for proper co-ordination.  

Sequence of operation shows that as soon as fault is created on station A-8, its breaker no. CB-

11 gets operated as a primary protection and as a backup bus bar protection, CB-52 operates. 

Single line diagram, sequence of operation, report and graph are as shown below, in Fig. 3 to 5 

and Table 3.  

 

 

 
Fig. 3. Single Line Diagram for Relay coordination study of 220/132/66 kV Substation system 
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Fig. 4. Single line detailed diagram of fault condition at station A-8  

 

Fig. 5.  Relay Operation graph during fault 

 
 

TABLE 3 Sequence of Operation Event Summary Report in ETAP 

 

Symmetrical 3-Phase Fault at Bus31 

Time 

(mS) 

ID If (kA) T1 (mS) Condition 

295 Relay12 34.884 295 Phase - OC1 - 51 

305 CB11  10.0 Tripped by Relay12 Phase - OC1 - 51 

1191 Relay46 1.342 1191 Phase - OC1 - 51 
1201 CB52  10.0 Tripped by Relay46 Phase - OC1 - 51 

 
 

D. Review of Protection Schemes as per CEA/CBIP Guidelines: 
 

After checking appropriateness of relay setting, following protection scheme of system was 

reviewed as per CEA guidelines.  

i) Transmission Line Protection 

ii) Transformer Protection 

iii) Transmission Line Protection 

iv)  Disturbance Recorder (DR) and Event logger (EL) Protection 

v) Circuit Breaker Protection 

vi) Communication System Protection 

vii) Station DC Supply System Protection 

 

IV CONCLUSIONS 

Protection audit of 220/132/66kV substation is carried out as per CEA/CBIP guideline. Short 

time breaking capacity of CB found adequate based on short circuit analysis study. Relay Co-

ordination of protection system is also verified. Based on the sequence of operation of various 

relays, it is observed that PMS and TSM of few relay needs to be modified as below: 

a)   66 kV line (Substation C-1 to 6): TSM: 0.07  

b) 132 kV side Transformer No. 1, 2 & 3, 50 MVA:  PSM:0.74, TSM:0.55 

c) 66 kV side Transformer No. 1, 2 & 3,  50 MVA:  PSM:0.8, TSM:0.07 
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During review of protection scheme, which includes physical verification of transmission line, 

transformer, circuit breaker, event logger and disturbance recorder protection; we found that   

for 220 kV Line, Main-II distance Protection / directional protection / phase segregated line 

differential protection should be adopted to strengthen 220/132/66 kV Substation system.  

Also, protection audit needs to be carried out again under following circumstances: 

(1) Whenever configuration of network is altered  

(2) Fault level of feed bus changes  

(3) Change in circuit breaker timings (opening /closing) due to change of CB type  

(4) Change in relay characteristics or type of mode of operation. 

 

Periodical testing through accredited laboratory should also be carried out for checking 

healthiness of DC system, PLCC, TSU, C.B.s and relay. Periodic condition monitoring of relays 

also helps to maintain healthiness of protection system.  
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SUMMARY 

Current Transformer (CT) is used to indicate meters and protective relay systems so; the 

maintenance process is very important and should make regularly. Routine maintenance is done via 

cleaning the insulations, tighten the screws and follow up the oil level. Periodic electrical tests are 

insulation tests, turns ratio test and a saturation curve test. Tests results give a good indication of the 

internal transformer status. In this paper, maintenance of the CT was made by a new proposed 

technique. In the proposed maintenance technique, the nanoparticles (NPs) are used to treat the low 

level of electrical insulation. The insulating medium of the CT is mineral oil, it is a hydrocarbon 

material. In normal operating situations there is no problem but during the faults and short circuit, 

the transformer oil is dissolved and carbon atoms are formed within the oil. Due to the repetition of 

operations, CT becomes invalid and must be replacing by another new one, because it is dangerous 

to individuals and equipment surrounding it. Nanoparticles attract these particles and raise the 

electrical insulation level of the CT. An electrical insulation test of the CT is performed before and 

after treatment to ensure the benefits of the new proposed method. The test results of proposed 

maintenance processes are compared with the traditional method according to the IEC Standards 

60044. The results were studied using statistical analysis and explained substantial differences, 

when using nanoparticles. CT was raised the efficiency and prolonged life span. 

 
KEYWORDS 

Current transformer; nanoparticles; insulation resistance test, dissipation factor and breakdown 

voltage test. 
 

I. INTRODUCTION 
Instrument transformers are used for transmission and distribution of the electrical power. It is 

divided into current and voltage transformers. Current transformers decrease the large values of 

current too small, standard values are used for instruments and protective relays. In substations, 

conductors and cables are the arteries of the electric power transfer. The CTs are as the sensors for 

the extent of the change in power flow. In normal operating conditions the current value is within 

the allowable limits of the operating system. But when a fault occurs, the value of the current is 

increased. This change is transferred to the controllers to disconnect the electric circuit breaker to 

preserve the safety of the electrical grid. In this case functions of CT are multiplied. Where it is 

used to read counters, protective relay systems, plant monitoring systems, fault records, SCADA 

systems, and load control.  

The lifespan of CT is very Important rules that be ranged from 30 to 40 years. Routine maintenance 

is done regularly, daily, monthly and annually. Daily maintenance is the daily traffic of the operator 

and the following works are performed; Check the virtual, follow the level of oil, make sure there is 

no leakage of oil, and make sure there is no strange sound issued by the CT.  
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In monthly maintenance the insulators are cleaned of dust and dirt to avoid flashover, also re-tighten 

the screws to ensure that oil is not leaked during operation. The annual maintenance is performed 

where electrical tests are as follows; excitation curve to determine knee point, insulation tests, 

polarity test, winding resistance test, turns ratio test, and break down voltage (BDV) test. The tests 

are aimed at the following; first, ensure that the current transformer is accurate in the turns ratio and 

thus ensure accurate meter measurement. Second, ensure that signals are connected to the protective 

devices and taking the appropriate decision alarm or trip. Third, ensure quality and efficiency of 

insulation and energized equipment in maintenance reduces the risk of failure during faults. 

Laxity in the maintenance work and tests cause serious disasters. Of the problems, the internal 

insulation of the current transformer is defective due to aging and frequent faults. Also Lack of 

focus causes forgetting to open a secondary circle. This cause no current in the secondary coil, it 

has no anti-magnetic effect generated in the primary coil, and consequently to increase the voltage 

on the secondary terminals. It causes saturation of the transformer with magnetic fields and 

increased of internal heat resulting from eddy currents and Magnetic retardation. All these factors 

cause the explosion of the transformer and porcelain has been broken into small parts that be 

represented projectiles that affect individuals and equipment. 

Previous efforts and research have been made in the field of CTs. Moisture and marine pollutants 

have an impact on the safety of the current transformer, so it must be removed from the body of the 

transformer to protect it from damage [1]. The problems faced by the transformer were analyzed 

during design, manufacturing and maintenance. An alternative program was developed for the 

traditional model Production Management System. It is a program to assess and analyze the risks 

and is interested in reducing the cost of risk [2]. Optical CT is non-conventional method which is 

characterized by the following; used in large power station, high accurate, improved operational 

performance of CT and benefits for revenue metering application, but it is complex and expensive 

[3]. Thermal detection was used as an early warning of faults and disaster reduction [4]. The fault 

current affects the electrical insulation of the transformer; repeated faults increase the value of the 

DF [5]. The current transformer is affected by capacitive current winding and phase angle. 

Calibration was performed to address error under operating conditions at values 100 kV and 2000A 

[6]. 

The aim of this research is to improve the electrical insulation properties of the current transformer 

using nanotechnology. It revolutionized this century because it’s small size, ease of preparation, 

change in material properties and low cost. The NPs have many types that are used electrical 

equipment like (Fe3O4, Al2O3and TiO2). In this work titanium oxide is used to produce nano-oil, the 

maintenance of CT is developed by using nano oil. The research organized as follows; First, 

Electrical insulation tests were performed for an old CT. It was exited from service due to it is not 

valid and for fear of exploding. Second, the nano oil was prepared by treatment the old transformer 

oil after that, the break down voltage (BDV) test was performed to confirm the validity of the nano 

oil before using it in CT again. Third, The CT was filled with nano oil and the tests were repeated 

again. Fourth, Results were recorded in both cases and worked of statistical analysis. There was a 

significant difference, Shows the importance of nanotechnology in the treatment. 

II. EXPERIMENTAL WORK 

A.  Insulation tests for the old CT 

The experiment was operated for CT in transformers substation that is shown in figure 1, the 

specifications are shown in APPENDIX. The reasons for dismissal from service aging and low 

electrical insulation value. So it is became a threat to the safety of personnel and equipment, It has 
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been replaced by a new one with the same specifications. In this experiment, three basic tests were 

performed, as follows: BDV, Dissipation Factor (DF) and Insulation Resistance (IR).To ensure the 

effectiveness of the new maintenance, Tests were performed before and after treatment and through 

statistical analysis, the significant differences were clarified.  

 
Figure 1:  The current transformer was used. 

 

• Break Down Voltage Test 

This test reveals the validity of the oil if the BDV value is low. this  is  evidence  of  internal 

problems  and  it  can  only  be  used  after  re-refining.  If the insulation is high, this means 

indicates the safety of the oil. This test is a quick,    inexpensive detection of the oil condition and 

portable can be used in stations.  In rated voltage 66 kV the result shall be satisfactory, if the BDV 

of the test apparatus is not broken at less than 50 kV / 2.5 mm. It was Invalid and indicated there 

are impurities or moisture. In this test, (BAUR) oil tester model (DPA 75C) is used for testing the 

CT. 

• Dissipation Factor Test 

The DF is called tan (δ) test; this test shows the leakage of current in oil. The dissipation factor 

device was used in this Test which is (BIDDle).It has two units one of them for control and other 

for injected the power, the rated of voltage injected 10 kV, apparent power 1 KVA and current 0.1 

A. The angle between the voltage and current are measured through the insulation. If the angle 

between the voltage and current is (θ), therefore the completed angle is (δ) that very small value. 

Whenever small tan (δ) was better insulation and increased is bad insulation. The typical tan (δ) 

value shall not exceed 0.5% at 20 ° C. Connectors to test the CT are shown in figure 2.  

 
Figure 2: DF test for CT 
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• Insulation Resistance Test 

This test used to determine the condition of electrical equipment insulation. It’s useful for providing 

an indication of deteriorating trends in insulation system. The IR device was used in this experiment 

(CHAUVIN ARNOUX) device. IR test on CT are performed at 5000VDC for high voltage 

equipments. The test was performed as follows:- 

1. Primary to secondary: Checks the condition of the insulation between high to low. 

2. Primary to ground: Checks the condition of the insulation between high to ground. 

3. Secondary to ground: Checks the condition of the insulation between low to ground. 

B. Preparing the nano oil for the CT 

Nano oil is a mixture of transformer oils and NPs; it was added in a certain way. There are several 

types of transformer oils.  Diala oil D is used in CT that is conformed to specification IEC 60296. 

There are many nanoparticles used in the field of insulating oils, in this experiment titanium oxide 

(TiO2) was used. Titanium oxide is not a super conductor.  If the conductor is 100% for copper, the 

conductivity is 3.1% of TiO2. It is increased the insulation efficiency of the electrical equipment’s. 

The steps of preparation the nano oil are summarized as follow in Figure 3. 

BDV Test

Titanium oxide
Transformer Oil Mixer 

machine

Ultrasonic

Nano fluid

Infrared

Nano  oil

 

Figure 3: Steps to prepare nano-oil 

TiO2 is obtained from (Alpha Chemika) company  as a  powder with  a  particle size  below  100 nm 

, a purity 99.5% and  a relative density of 4.26 g/ cm3. In order to melt TiO2 in the oil must be used 

high frequency waves. The ultrasound frequency is used at 65 kHz and the waves are concentrated 

on oil for two hours. So, TiO2 was melted into the oil. Despite the benefits of ultrasound, it caused 

the appearance of moisture and dissolved gases in the oil. To treat these problems, thermal energy 

must be used. The infrared is used for heating the oil, removing moisture and Purifying the oil from 

dissolved gases. The oil temperature ranges between (50 - 55 ° C). It is not exceed 60 ° C because 

this increase causes oil aging and deterioration. The BDV test was performed, to ensure improved 

insulation properties of nano-oil. The current transformer is filled with nano oil and electrical 

insulation tests are repeated. 

 

III. RESULTS AND DISCUSSION 

A. Break Down Voltage Results  

The test was repeated 6 times, and between each test to another test is 5 to 10 minutes, To disperse 

negative charges between electrodes and then calculating the mean value of the all values. It was 

done for old oil and nano oil. The average values were 39.5kV and 52.2 kV respectively. BDV for 

IEC 60156 must not be less than 50 kV at operated voltage 66 kV. So the test was done for new oil 
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and the average values were 55kv. The new oil was considered a standard value for comparing 

values that shown in figure 4. 

 
Figure 4:  The BDV measurement for CT. 

  

From the graph, the approximate value of new oil and nano oil is shown. To illustrate the 

improvement, the t-test was used. T-test is one of the most important statistical tests and most 

commonly used in research studies. It is used to detect the presence of statistical significance 

between two samples. The test was performed using the excel program, between two sample 

assuming equal variances, the results are shown in Table 1. 
Table 1: T-test of BDV for CT. 

T-Test: Two-Sample Assuming Equal Variances 

  comparison 1 comparison 2 comparison 3 

  nano oil new oil old oil new oil old oil nano oil 

Mean 52.23333 55 39.51667 55 39.51667 52.23333 

Variance 0.014667 0 0.229667 0 0.229667 0.014667 

Observations 6 6 6 6 6 6 

Pooled Variance 0.007333   0.114833   0.122167   

Hypothesized Mean 

Difference 0   0   0   

df 10   10   10   

t Stat -55.9586   -79.1391   -63.017   

P(T<=t) one-tail 4.03E-14   1.27E-15   1.23E-14   

t Critical one-tail 1.812461   1.812461   1.812461   

P(T<=t) two-tail 8.06E-14   2.54E-15   2.46E-14   

t Critical two-tail 2.228139   2.228139   2.228139   

 

Table 1 is shown near t state of the nano oil to the new oil, at a confidence level of 95%.The 

spacing of the t state between the old oil and the new oil is shown. So the absolute and relative 

errors were calculated. 

The absolute error (E):-      E =|x� � μ|                                         (1) 

Where:- 

μ : The exact value 

x�: The measured value 

The relative error (R):-      R = 
�

�
∗ 100				                              (2) 

The results of absolute and relative error were shown in table 2. 

0

10

20

30

40

50

60

repeat 1 repeat 2 repeat 3 repeat 4 repeat 5 repeat 6
B

D
V

 (
k

v
)

No. of repeats the test

old oil

new oil

nano oil



 

Cigre Egypt 2019 

86 

 

Table 2: E & R results of BDV for CT 

Nano oil Old oil  

2.8 15.5 E 

5.091 28.18 R % 

 

From the table it is clear that the relative error of the old oil was the 28.18%. While for nano oil 

5.091% and shows credibility. This confirms the importance of using nanoparticles. 

 

B. Dissipation Factor Results 

The values for DF were taken at different voltage values Ranging from 1 to 5 kv. The relationship 

between DF was made when using nano oil and old oil. It turned out a marked improvement in 

values in figure 5. The low value of DF is a clear indicator of improved insulation properties. 

 

 
Figure 5:  The DF measurement for CT.  

From IEC 61620 standard, the value must not exceed 0.5%. So it was taken as a standard value to 

calculate the standard deviation and error ratio. The values were calculated with excel program in 

the table 3. 

 

Table 3: the standard deviation and error ratio results for CT 

Nano oil Old oil  

0.05 0.45 E 

10 90 R % 

0.025 0.225 S 

 

Thus, it is clear that the error rate is 10% when using the nano oil while error rate is 90% when 

using the old oil. Also the coefficient of the common deviation of nano oil is much lower than the 

old oil. 

C. Insulation Resistance Results 

The test was performed before and after treatment as shown in figure 6. The insulation between the 

current transformer windings and windings to ground was checked for dielectric strength. Insulation 

tests on current transformers are usually performed at 1000VDC. The process of treatment led to an 

increase in the value of electrical insulation and a decrease in leakage current. 
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   (a) 

   (b) 

Figure 6: (a) The IR measurement for CT. (b) The Leakage current measurement for CT. 

Results show the improvement in leakage current and IR values when using nano-oil. Transformers 

oils were contained of carbon and hydrogen. When an electric arc occurs inside the oil, it is 

extinguished the spark, but with frequent recurrence it is decomposition. Carbon is semiconductor 

material, in the normal state is isolated but, when the heat was increased the insulation is broken. 

The basic idea, when electromagnetic waves such as infrared radiation are exposed to the carbon 

atoms and the titanium oxide, there is attraction between them, the nano-particles work trap carbon, 

after it was free into oil. This process is shown in figure 7. Thereby increasing the electrical 

insulation of oil. 

 

Figure 7:  The effect of IR on carbon and titanium oxide. 

 

IV. CONCLUSIONS AND RECOMMENDATION 

A.  Conclusion 

• Improve the conventional maintenance of the CT, where the basic problems were analyzed, 

which cause deterioration. 

0

20

40

60

80

100

120

140

H-G H-L1 H-L2 H-L3 H-L4 L1-G L2 -G L3-G L4-G

IR
 (

G
Ω

)
Test position

old oil

nano oil

0

10

20

30

40

50

60

70

H-G H-L1 H-L2 H-L3 H-L4 L1-G L2 -G L3-G L4-G

L
ea

k
a

g
e 

cu
rr

en
t 

(n
A

)

Test position

 old oil

Nano oil



 

Cigre Egypt 2019 

88 

 

• Using nanotechnology to trap carbon atoms inside oil, to minimize its problems. 

• Improving the BDV leads to a higher efficiency of the CT. 

• Improve the isolation properties of the CT, Affects the results of IR and DF. 

B.  Recommendation 

This CT is out of service due to the high value of DF. After this treatment, it can return to service 

again. Because the electrical insulation values have improved. Therefore, it is necessary to do the 

following: 

• Perform electrical insulation tests for the CT annually instead of every 3 years. 

• CTs subjected to faults must be tested every six months. 

• Heavy CT maintenance is required every 5 years, where the oil is discharged and treated 

with nanoparticles, the tests are then carried out to ensure the success of the maintenance 

process. 
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SUMMARY 

Current Transformer (CT) is used to indicate meters and protective relay systems so; the 

maintenance process is very important and should make regularly. Routine maintenance is done via 

cleaning the insulations, tighten the screws and follow up the oil level. Periodic electrical tests are 

insulation tests, turns ratio test and a saturation curve test. Tests results give a good indication of the 

internal transformer status. In this paper, maintenance of the CT was made by a new proposed 

technique. In the proposed maintenance technique, the nanoparticles (NPs) are used to treat the low 

level of electrical insulation. The insulating medium of the CT is mineral oil, it is a hydrocarbon 

material. In normal operating situations there is no problem but during the faults and short circuit, 

the transformer oil is dissolved and carbon atoms are formed within the oil. Due to the repetition of 

operations, CT becomes invalid and must be replacing by another new one, because it is dangerous 

to individuals and equipment surrounding it. Nanoparticles attract these particles and raise the 

electrical insulation level of the CT. An electrical insulation test of the CT is performed before and 

after treatment to ensure the benefits of the new proposed method. The test results of proposed 

maintenance processes are compared with the traditional method according to the IEC Standards 

60044. The results were studied using statistical analysis and explained substantial differences, 

when using nanoparticles. CT was raised the efficiency and prolonged life span. 

 
KEYWORDS 

Current transformer; nanoparticles; insulation resistance test, dissipation factor and breakdown 

voltage test. 
 

I. INTRODUCTION 
Instrument transformers are used for transmission and distribution of the electrical power. It is 

divided into current and voltage transformers. Current transformers decrease the large values of 

current too small, standard values are used for instruments and protective relays. In substations, 

conductors and cables are the arteries of the electric power transfer. The CTs are as the sensors for 

the extent of the change in power flow. In normal operating conditions the current value is within 

the allowable limits of the operating system. But when a fault occurs, the value of the current is 

increased. This change is transferred to the controllers to disconnect the electric circuit breaker to 

preserve the safety of the electrical grid. In this case functions of CT are multiplied. Where it is 

used to read counters, protective relay systems, plant monitoring systems, fault records, SCADA 

systems, and load control.  

The lifespan of CT is very Important rules that be ranged from 30 to 40 years. Routine maintenance 

is done regularly, daily, monthly and annually. Daily maintenance is the daily traffic of the operator 

and the following works are performed; Check the virtual, follow the level of oil, make sure there is 

no leakage of oil, and make sure there is no strange sound issued by the CT.  

shaban_1983@yahoo.com 
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In monthly maintenance the insulators are cleaned of dust and dirt to avoid flashover, also re-tighten 

the screws to ensure that oil is not leaked during operation. The annual maintenance is performed 

where electrical tests are as follows; excitation curve to determine knee point, insulation tests, 

polarity test, winding resistance test, turns ratio test, and break down voltage (BDV) test. The tests 

are aimed at the following; first, ensure that the current transformer is accurate in the turns ratio and 

thus ensure accurate meter measurement. Second, ensure that signals are connected to the protective 

devices and taking the appropriate decision alarm or trip. Third, ensure quality and efficiency of 

insulation and energized equipment in maintenance reduces the risk of failure during faults. 

Laxity in the maintenance work and tests cause serious disasters. Of the problems, the internal 

insulation of the current transformer is defective due to aging and frequent faults. Also Lack of 

focus causes forgetting to open a secondary circle. This cause no current in the secondary coil, it 

has no anti-magnetic effect generated in the primary coil, and consequently to increase the voltage 

on the secondary terminals. It causes saturation of the transformer with magnetic fields and 

increased of internal heat resulting from eddy currents and Magnetic retardation. All these factors 

cause the explosion of the transformer and porcelain has been broken into small parts that be 

represented projectiles that affect individuals and equipment. 

Previous efforts and research have been made in the field of CTs. Moisture and marine pollutants 

have an impact on the safety of the current transformer, so it must be removed from the body of the 

transformer to protect it from damage [1]. The problems faced by the transformer were analyzed 

during design, manufacturing and maintenance. An alternative program was developed for the 

traditional model Production Management System. It is a program to assess and analyze the risks 

and is interested in reducing the cost of risk [2]. Optical CT is non-conventional method which is 

characterized by the following; used in large power station, high accurate, improved operational 

performance of CT and benefits for revenue metering application, but it is complex and expensive 

[3]. Thermal detection was used as an early warning of faults and disaster reduction [4]. The fault 

current affects the electrical insulation of the transformer; repeated faults increase the value of the 

DF [5]. The current transformer is affected by capacitive current winding and phase angle. 

Calibration was performed to address error under operating conditions at values 100 kV and 2000A 

[6]. 

The aim of this research is to improve the electrical insulation properties of the current transformer 

using nanotechnology. It revolutionized this century because it’s small size, ease of preparation, 

change in material properties and low cost. The NPs have many types that are used electrical 

equipment like (Fe3O4, Al2O3and TiO2). In this work titanium oxide is used to produce nano-oil, the 

maintenance of CT is developed by using nano oil. The research organized as follows; First, 

Electrical insulation tests were performed for an old CT. It was exited from service due to it is not 

valid and for fear of exploding. Second, the nano oil was prepared by treatment the old transformer 

oil after that, the break down voltage (BDV) test was performed to confirm the validity of the nano 

oil before using it in CT again. Third, The CT was filled with nano oil and the tests were repeated 

again. Fourth, Results were recorded in both cases and worked of statistical analysis. There was a 

significant difference, Shows the importance of nanotechnology in the treatment. 

II. EXPERIMENTAL WORK 

A.  Insulation tests for the old CT 

The experiment was operated for CT in transformers substation that is shown in figure 1, the 

specifications are shown in APPENDIX. The reasons for dismissal from service aging and low 

electrical insulation value. So it is became a threat to the safety of personnel and equipment, It has 
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been replaced by a new one with the same specifications. In this experiment, three basic tests were 

performed, as follows: BDV, Dissipation Factor (DF) and Insulation Resistance (IR).To ensure the 

effectiveness of the new maintenance, Tests were performed before and after treatment and through 

statistical analysis, the significant differences were clarified.  

 
Figure 1:  The current transformer was used. 

 

• Break Down Voltage Test 

This test reveals the validity of the oil if the BDV value is low. this  is  evidence  of  internal 

problems  and  it  can  only  be  used  after  re-refining.  If the insulation is high, this means 

indicates the safety of the oil. This test is a quick,    inexpensive detection of the oil condition and 

portable can be used in stations.  In rated voltage 66 kV the result shall be satisfactory, if the BDV 

of the test apparatus is not broken at less than 50 kV / 2.5 mm. It was Invalid and indicated there 

are impurities or moisture. In this test, (BAUR) oil tester model (DPA 75C) is used for testing the 

CT. 

• Dissipation Factor Test 

The DF is called tan (δ) test; this test shows the leakage of current in oil. The dissipation factor 

device was used in this Test which is (BIDDle).It has two units one of them for control and other 

for injected the power, the rated of voltage injected 10 kV, apparent power 1 KVA and current 0.1 

A. The angle between the voltage and current are measured through the insulation. If the angle 

between the voltage and current is (θ), therefore the completed angle is (δ) that very small value. 

Whenever small tan (δ) was better insulation and increased is bad insulation. The typical tan (δ) 

value shall not exceed 0.5% at 20 ° C. Connectors to test the CT are shown in figure 2.  

 
Figure 2: DF test for CT 
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• Insulation Resistance Test 

This test used to determine the condition of electrical equipment insulation. It’s useful for providing 

an indication of deteriorating trends in insulation system. The IR device was used in this experiment 

(CHAUVIN ARNOUX) device. IR test on CT are performed at 5000VDC for high voltage 

equipments. The test was performed as follows:- 

1. Primary to secondary: Checks the condition of the insulation between high to low. 

2. Primary to ground: Checks the condition of the insulation between high to ground. 

3. Secondary to ground: Checks the condition of the insulation between low to ground. 

B. Preparing the nano oil for the CT 

Nano oil is a mixture of transformer oils and NPs; it was added in a certain way. There are several 

types of transformer oils.  Diala oil D is used in CT that is conformed to specification IEC 60296. 

There are many nanoparticles used in the field of insulating oils, in this experiment titanium oxide 

(TiO2) was used. Titanium oxide is not a super conductor.  If the conductor is 100% for copper, the 

conductivity is 3.1% of TiO2. It is increased the insulation efficiency of the electrical equipment’s. 

The steps of preparation the nano oil are summarized as follow in Figure 3. 

BDV Test

Titanium oxide
Transformer Oil Mixer 

machine

Ultrasonic

Nano fluid

Infrared

Nano  oil

 

Figure 3: Steps to prepare nano-oil 

TiO2 is obtained from (Alpha Chemika) company  as a  powder with  a  particle size  below  100 nm 

, a purity 99.5% and  a relative density of 4.26 g/ cm3. In order to melt TiO2 in the oil must be used 

high frequency waves. The ultrasound frequency is used at 65 kHz and the waves are concentrated 

on oil for two hours. So, TiO2 was melted into the oil. Despite the benefits of ultrasound, it caused 

the appearance of moisture and dissolved gases in the oil. To treat these problems, thermal energy 

must be used. The infrared is used for heating the oil, removing moisture and Purifying the oil from 

dissolved gases. The oil temperature ranges between (50 - 55 ° C). It is not exceed 60 ° C because 

this increase causes oil aging and deterioration. The BDV test was performed, to ensure improved 

insulation properties of nano-oil. The current transformer is filled with nano oil and electrical 

insulation tests are repeated. 

 

III. RESULTS AND DISCUSSION 

A. Break Down Voltage Results  

The test was repeated 6 times, and between each test to another test is 5 to 10 minutes, To disperse 

negative charges between electrodes and then calculating the mean value of the all values. It was 

done for old oil and nano oil. The average values were 39.5kV and 52.2 kV respectively. BDV for 

IEC 60156 must not be less than 50 kV at operated voltage 66 kV. So the test was done for new oil 
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and the average values were 55kv. The new oil was considered a standard value for comparing 

values that shown in figure 4. 

 
Figure 4:  The BDV measurement for CT. 

  

From the graph, the approximate value of new oil and nano oil is shown. To illustrate the 

improvement, the t-test was used. T-test is one of the most important statistical tests and most 

commonly used in research studies. It is used to detect the presence of statistical significance 

between two samples. The test was performed using the excel program, between two sample 

assuming equal variances, the results are shown in Table 1. 
Table 1: T-test of BDV for CT. 

T-Test: Two-Sample Assuming Equal Variances 

  comparison 1 comparison 2 comparison 3 

  nano oil new oil old oil new oil old oil nano oil 

Mean 52.23333 55 39.51667 55 39.51667 52.23333 

Variance 0.014667 0 0.229667 0 0.229667 0.014667 

Observations 6 6 6 6 6 6 

Pooled Variance 0.007333   0.114833   0.122167   

Hypothesized Mean 

Difference 0   0   0   

df 10   10   10   

t Stat -55.9586   -79.1391   -63.017   

P(T<=t) one-tail 4.03E-14   1.27E-15   1.23E-14   

t Critical one-tail 1.812461   1.812461   1.812461   

P(T<=t) two-tail 8.06E-14   2.54E-15   2.46E-14   

t Critical two-tail 2.228139   2.228139   2.228139   

 

Table 1 is shown near t state of the nano oil to the new oil, at a confidence level of 95%.The 

spacing of the t state between the old oil and the new oil is shown. So the absolute and relative 

errors were calculated. 

The absolute error (E):-      E =|x� � μ|                                         (1) 

Where:- 

μ : The exact value 

x�: The measured value 

The relative error (R):-      R = 
�

�
∗ 100				                              (2) 

The results of absolute and relative error were shown in table 2. 
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Table 2: E & R results of BDV for CT 

Nano oil Old oil  

2.8 15.5 E 

5.091 28.18 R % 

 

From the table it is clear that the relative error of the old oil was the 28.18%. While for nano oil 

5.091% and shows credibility. This confirms the importance of using nanoparticles. 

 

B. Dissipation Factor Results 

The values for DF were taken at different voltage values Ranging from 1 to 5 kv. The relationship 

between DF was made when using nano oil and old oil. It turned out a marked improvement in 

values in figure 5. The low value of DF is a clear indicator of improved insulation properties. 

 

 
Figure 5:  The DF measurement for CT.  

From IEC 61620 standard, the value must not exceed 0.5%. So it was taken as a standard value to 

calculate the standard deviation and error ratio. The values were calculated with excel program in 

the table 3. 

 

Table 3: the standard deviation and error ratio results for CT 

Nano oil Old oil  

0.05 0.45 E 

10 90 R % 

0.025 0.225 S 

 

Thus, it is clear that the error rate is 10% when using the nano oil while error rate is 90% when 

using the old oil. Also the coefficient of the common deviation of nano oil is much lower than the 

old oil. 

C. Insulation Resistance Results 

The test was performed before and after treatment as shown in figure 6. The insulation between the 

current transformer windings and windings to ground was checked for dielectric strength. Insulation 

tests on current transformers are usually performed at 1000VDC. The process of treatment led to an 

increase in the value of electrical insulation and a decrease in leakage current. 
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   (a) 

   (b) 

Figure 6: (a) The IR measurement for CT. (b) The Leakage current measurement for CT. 

Results show the improvement in leakage current and IR values when using nano-oil. Transformers 

oils were contained of carbon and hydrogen. When an electric arc occurs inside the oil, it is 

extinguished the spark, but with frequent recurrence it is decomposition. Carbon is semiconductor 

material, in the normal state is isolated but, when the heat was increased the insulation is broken. 

The basic idea, when electromagnetic waves such as infrared radiation are exposed to the carbon 

atoms and the titanium oxide, there is attraction between them, the nano-particles work trap carbon, 

after it was free into oil. This process is shown in figure 7. Thereby increasing the electrical 

insulation of oil. 

 

Figure 7:  The effect of IR on carbon and titanium oxide. 

 

IV. CONCLUSIONS AND RECOMMENDATION 

A.  Conclusion 

• Improve the conventional maintenance of the CT, where the basic problems were analyzed, 

which cause deterioration. 
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• Using nanotechnology to trap carbon atoms inside oil, to minimize its problems. 

• Improving the BDV leads to a higher efficiency of the CT. 

• Improve the isolation properties of the CT, Affects the results of IR and DF. 

B.  Recommendation 

This CT is out of service due to the high value of DF. After this treatment, it can return to service 

again. Because the electrical insulation values have improved. Therefore, it is necessary to do the 

following: 

• Perform electrical insulation tests for the CT annually instead of every 3 years. 

• CTs subjected to faults must be tested every six months. 

• Heavy CT maintenance is required every 5 years, where the oil is discharged and treated 

with nanoparticles, the tests are then carried out to ensure the success of the maintenance 

process. 
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SUMMARY 

This paper presents the effect of atmospheric turbulence, which is the main factor affecting energy 

production in renewable sources such as photovoltaic cells. In fact, weather instability not only 

affects the energy production for PV and wind farms but also affects the island mode operation for 

switchgears which are a part of adaptive protection of the smart grid. The power generated by PV 

could be affected by partial shading, the temperature of shaded cells increases and thus reduces the 

energy generation of the shaded photovoltaic cells. However, conventional methods have always 

ignored the effects of atmospheric disturbances. Furthermore, this paper deals with the climate 

effects and their impact on the performance of PV stations, how to use a digital pyranometer in 

SCADA that to forecast PV generation power which will be facilitated the successful transition to 

island operation and load island / isolate in case of power generated of infinite bus exceeded the 

rated power that to maintain the energy reliability in smart grid. 

KEYWORDS 
Pyranometer; SCADA ; atmospheric turbulence; photovoltaic ; PV ; smart grid ;micro grid 

;adaptive ;wind farm ; island mode. 
 

I. INTRODUCTION 

Egypt has one of the most favorable environments for the largest production of renewable energy 

in the world and its exploitation is critical for national sustainable development through efficient 

energy planning and a gradual independence from fossil fuels. Equitable access to energy is a basic 

requisite for economic development and an important condition to galvanize economic growth. 

Demographic trends in Egypt require informed long-term planning of the energy sector 

investments on the national level to expand existing electricity production capacities and meet 

growing demand. Undoubtedly, the Photovoltaic systems can be high reliable energy source in the 

world, which is the sustainably for using it a renewable energy source, so the solution to the next 

energy crisis. Use new generation technologies which is cheaper, guaranteed and it’s driving a 

force behind the rapid proliferation of PV (Photo-Voltaic) industry [1]. The government support 

and infrastructure developed for energy network expansion of solar photo-voltaic [2].The ideal 

solution for the output of solar energy achieved by proper installation of PV system. They are a 

free of shading and other negative environment conditions. Test manufacturers for solar energy 

performance for the PV module is under the standard test period conditions (temperature is 25 ° 

C, Ir (Solar Irradiance) equal 1000 W / m 2 and air mass is 1.5) ,It is a very important to know how 

these weather disturbances like light intensity, dust, temperature and shading has impact 

performance. Specifically, assuming that the atmosphere remains neutral will come incorrect in 

the evaluation process, which leads to effect on economic revenue of PV farms. Furthermore, this 
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paper focus on the atmospheric turbulence effects and their impact on the performance of PV 

plants, how to use a digital pyranometer “high-accuracy digital solar Irradiance sensors” that for 

PV performance monitoring and also used for monitoring PV power plant efficiency, in order to 

measure incoming solar irradiance independently from the PV system. By advanced SCADA 

(Supervisory Control and Data Acquisition) which is an integrated system will be found the ideal 

application to support the operation of an electric utilities. Where able to predict Energy generation 

based on online monitoring for  PV performance by pyranometers ,which will be facilitated the 

successful transition to island operation in case of any abnormal events occurred in utility grid that 

to maintain the energy reliability in smart grid. 

 

II. PV PERFORMANCE MONITORING BY PYRANOMETER’S 

Initially, the pyranometers [3] measures the solar radiation received by the surface of the plane 

from a 180 ° angle and the deviation [4] (i.e. (forecast/real) is less than 5% in 80% of the 

cases and less than 10% in 90% of the cases as shown in figure 1. This quantity, expressed in W / 

m2, is called "solar radiation" of the hemisphere. 

                                      

The pyranometers is suitable for use in SCADA systems 

(control and data acquisition) and support for the modbus 

remote terminal unit (RTU) via RS-485. In these networks 

the sensor works as a slave. Using a tool in the network is 

easy or when the tool uses an option to create an analog 

contrast from 4 to 20 mA to record commonly used data 

systems capable of handling a signal from 4 to 20 mA 

current. Global radiation (Eg ↓) includes direct sunlight 

and diffuse sunlight (and in some cases, composite 

reflections of sunlight) as shown in figure 2. For the 

purpose of monitoring the performance of photovoltaic 

cells, IEC gives potential PV performance objectives to 

determine the performance trends in individual PV 

systems, localization of potential errors in the PV system, 

comparing the PV system performance to forecast and 

warranty design, comparing PV systems with different configurations and comparing photovoltaic 

systems at different locations. The most significant and direct effects on photoelectric performance 

are radiation at the level received by the photoelectric array, the temperature of the photovoltaic 

cells, and the loss of shade due to pollution or snow. 

 

 

 

Figure.2 The global irradiance includes 

direct sunlight and diffuse sunlight and 

specular reflections of sunlight. [3] 

 

Figure.1: Pyranometer used for PV system performance monitoring [3]and the difference between 

the solar radiation real/monitoring by pyranometer[4] 
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III. MONITORING AND CONTROL OF PV SYSTEM BY USING SCADA 

 

When looking at the PV system [5], the use of a performance monitoring system is necessary to 

calculate the real-time power output produced by the system that will ensure that the overall 

conversion efficiency of the system remains in effect throughout the period immediately on any 

abnormal event, SCADA is an integrated system has pyranometer and module temperature sensors 

.It will be providing the values as analog 4-20 mA. There is a converter which will integrate all the 

analog signals to RS-485 and communicate with PLC and SCADA shows in figure 3 [6], it is used 

to find a perfect application to support the operation of the electrical tool. The automation 

sequences that are normally managed by the SCADA system include: error detection, localization, 

isolation, and load restoration (FDIR).  

 

Figure. 3  PV system monitoring and with the essential components [6] 

 

The benefits of distributed generator management include higher efficiency; improved supply 

security; improved demand response capabilities; avoidance of over-capacity; better peak load 

management. Reduce network losses cost of network infrastructure support energy quality 

improved reliability and environmental monitoring. SCADA based applications offers exceptional 

value because they provides a flexible range of combinations and customizable configurations that 

provides a balance between cost and reliability. The generation that is originally distributed is 

desirable because it is "closer" to the customer and more economical than the establishment of the 

central station and associated infrastructure. While the disadvantages of distributed generation are 

in the perspective of remote electrical facilities embarrassing, the presence of fuel delivery (for 

distribution based on combustion engine), the cost of conduction, transmission and forecasting of 

production (wind and solar energy), the SCADA system helps to offset these costs from through 

automation, remote monitoring capabilities in real time. Monitoring of photovoltaic systems due 

to the fluctuation of solar radiation at the ground level, which is mainly due to atmospheric 

disturbances, confirms SCADA's real-time capabilities that require rapid sampling speed (5 

seconds or less) of major physical variables.[7]This choice allowed designers to be confident in 

managing data flows effortlessly within several thousand measures per second and focusing on 

more specific aspects of application. SCADA system promised the capabilities to monitor and 

control all of the different processes of components and subsystems, including tracking devices, 

transformers, substations and counters.  
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IV. ISLAND MODE IN SMART GRID PROTECTION 

Protection must respond to both utility grid and microgrid faults, protection isolates the microgrid 

from the utility grid as rapidly as necessary to protect the microgrid loads. During microgrid faults, 

the protection isolates the smallest possible section of the feeder as shown in figure.4 illustrated 

the microgrid during normal operation and during faulty condition, where the right decision taken 

by SCADA system is island / isolate the microgrid that to ensure the electrical loads and the energy 

sources in microgrid are stable and independent about the main grid .  

Figure.4  Microgrid protection grid connected and islanded about utility grid during fault [6] 

 

By another way, the online monitoring for irradiance by pyranometer and use it to the following 

causes , during project plan ,the minimum load should be connected in microgrid with PV should 

be pre-determined, that to use it in island mode without impact on voltage and frequency for the 

microgrid. If the calculations of loads were not accurate, that will be lead to set PV farm in over 

capacity , then will lead to voltage drop and frequency decreased to out of tolerance as per over 

and under frequency requirements shows in figure.5 and over and under voltage standards as 

shown in figure.6 [7].By solar irradiance and SCADA that will made the loads island/restoration 

smartly and maintains stability for voltage and frequency within tolerance. The solar irradiance act 

as analogue input in SCADA that to use this parameter to control island /isolate the small microgrid 

about utility grid, that in three cases ,the first one ,If irradiance is within  operating range in I-V 

curve [5]for PV array and the ring of utility grid have a fault ,the second, if the utility grid power 

exceeds the maximum rated power ,then SCADA will be isolated the low priority load which is 

pre-determined in project plan and the third ,if solar irradiance is a minimum ,then no need to feed 

loads in microgrid by utility grid because the microgrid frequency will be fluctuated when the real 

power generated by PV is equivalents for feeding loads in microgrid . The goal is to develop and 

Figure.5 Over and Under-Frequency 

requirements of selected standards [7] 

 

Figure.6 Over and Under-Voltage Requirements 

of Selected Standards [7] 
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demonstrate in the field of central protection coordination and active microgrid management, 

active management functions include[6]: 

• Changing protection settings based on a microgrid topology (such as connected grid and 

island) is a practical display of adaptive protection 

• Switch between grid in service and isolated operating modes. 

• Unintentional islands via Black-Start 

• Intentional nesting via SCADA. 

• Resynchronize to network facilities 
 

V. PROBLEM DESCRIBTION AND CASE STUDY  

In Hurghada ,established photovoltaic plant 

project is to construct a 20MW photovoltaic 

power plant and related to facilities at the 

Hurghada wind power plant, which is located 15 

km northwest of Hurghada city on the coast of 

the Red Sea. In order to increase power supply, 

stabilize the network , encourage use of 

renewable energy ,thus contributing to     

promoting social, economic development and 

mitigating climate change and in this study will 

use the model  shown as figure 7 as a prototype 

shows the model will be used in case study. It 

consists of three generation units; the first one is 

an infinite bus 25kV/55 MW connected to the 

utility grid by Bus 1. The second one is a wind 

farm 25kV/18MW consists of 12 doubly feed 

induction generator (DFIG) units , each unit can 

supply up to 1.5 MW connected to the grid at 

Bus 2 ,Wind farm is feeding load 4MW  

directly by Bus 6.The third source is a 

photovoltaic farm 25kV/800 kW connected to the grid by Bus 3 and is feeding domestic loads 

200kW by bus 7. A dynamic load 64.2 MW, it consists of two main loads (Load_4 equal 32.12MW 

included a subload equal 5 MW and Load 5is 32.12MW) and connected to the network at Bus 4 

&5 as shown in figure.7. All buses are connected using a ring connection through a pi-section 

transmission lines with different section lengths. The study of the effect of the exchange between 

the renewable energy sources of the network in the event of different weather conditions that lead 

to  change in energy generated by renewable sources of this and on the other side the impact of 

disturbances in the grid in terms of errors resulting from loads or other sources of energy. The 

following effects will be studied through the following scenarios, as shown in table.1, which will 

be increased the reliability of the electrical grid and to ensure continuity of feeding. In table 1 

describes the different scenarios to be considered due to weather disturbances starting from normal 

conditions and ending with the worst case based on data given by solar and wind atlas in Egypt. 

In table 2 lists the power generated from PV and wind farms due to the variance of solar irradiance 

and wind speed respectively during simulation done by matlab. 

 
           Table 1: Weather disturbance scenarios (Ambient temperature is 25°C) 
 

Scenario Description Ir. W/m2 Wind speed  m/s 

1 Normal conditions  1000 13 

2 Sunny + low wind speed 1000 5 

3 Clouy + high wind speed 250 13 

4 Cloudy + low wind speed 250 5 
 
 

Figure.7 : model of smart grid system 
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        Table 2: Power measured (MW) for each Source/Load for each Scenario 

                 MW 
 Scenario 

Wind Farm PV Farm Infinite bus 
Gross 

Production  
Gross load  

1 17.96 0.8 44.5 63.26 61.37 

2 4 0.8 57.2 63.26 61.37 

3 17.96 0.2 45.2 63.26 61.37 

4 4 0.2 57.95 63.26 61.37 

 

The details scenarios can be explained as follow, 1st scenario, SCADA system is  monitoring the 

power of PV equal 800 kW,If there is no internal fault event in the ring, SCADA will not isolated 

bus 3 or sub-load in bus4 as shown in table 3 .2nd scenario, power generation by wind farm is 

reduced to 4MW, SCADA system is monitoring the power forecasting in PV is 800 kW, the ring 

is healthy” No fault”, but the power supplied by infinite bus exceeded rated power 55.5 MW ,then  

SCADA will be islanded the bus 3 and sub-load in bus4 as shown in table 3. 3rd scenario, power 

generation by wind farm is 18MW, SCADA system is monitoring the PV power is 200 kW, no 

internal fault event in the ring, then  SCADA will be islanded the bus 3 as shown in table3. 4th 

scenario, power generation by wind farm is reduced to 4MW, SCADA system is monitoring the 

power forecasting by PV is 200 kW, there is no internal fault event in the ring, but the power 

supplied by infinite bus exceeded rated power 55.5 MW ,then  SCADA will be islanded the bus 3  

& bus 4 and sub-load in bus4. In case of internal fault event in ring , SCADA will be islanded the 

bus 3 and bus 4 even the weather conditions status.  

 

 
VI. SIMULATION RESULTS 

The system has been simulated in matlab Simulink as indicated in Table.2 

a) Normal Operation without control by SCADA 

Refer to table.2 have eight figures ,based on the simulation figure 8(a-b) show the measured 

power for wind Farm at high and low wind speed respectively , figure 8(c-d) show a PV 

power production at high and low irradiance respectively , figure 8.e shows the gross power 

generated over network vs gross power consumed by loads equal  and the power shared by 

infinite bus for scenarios 1,2&3 respectively as shown in figure.8 (f-h) respectively. 

 

                                (a)                                                                             (c)             

                     (b)                                                                              (d)              

                             

 

 

The Conditions to decide island   

Wind Speed m/s Ir      W/m2 Ring Faulty Subload Bus1 (Capacity) Island/Isolate 

Mode 

13  1000 No Connected Under Not applicable 

13  250 No Connected Under Bus 3 

5 1000 No Island Over Bus 3 

5 250 No Island Over Bus 3 & Bus 4 

5:13 250:1000 Yes - - Bus 3 & Bus 4 

Table 3: Island mode techniques by SCADA vs. Weather parameters  
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(e)                                                                               (f) 

(g)                                                                               (h) 

Figure.8 shows (a & b) Wind Farm Power Measured at High and Low Wind Speed in Bus-2, (c & 

d) PV Power Measured at High and Low irradiance in Bus-3, (e) Gross Power Generated Vs Gross 

Power Consumed over Grid & (f , h & g) Infinite bus Power Measured in Bus-1 for Scenarios 

1,2&3 respectively. 

 

b) Operation under different weather conditions with control by SCADA 
Here the simulation will be illustrated the impact on voltage and frequency ,If the 

calculations of loads were not accurate" when domestic load is 300 kW,is a greater than 

the power forecasting by PV which equal 200kW and when PV islanded at 2.0 sec  " shows 

in figure.9.c based on change of irradiance from 1000:250 W/m2 shows in figure.9.a,that 

will be lead to set PV farm in over capacity (+30%) ,then will be excuated to voltage drop 

to(-36% vn or equal 0.64 p.u) shows in figure.9.d  and frequency droop to (-8% Fn or equal 

55.4 Hz ) shows in figure.9.f,which means is out of tolerance. When repeated the 

simulation, but the load connected with PV was equal the power forecasting by PV 

"domestic load equal PV power is 200kW",PV islanded at 2.0 sec ,there is no impact on 

the both voltage and frequency (0.96 p.u , 60Hz) respectively shows in figure.9.e & figure. 

9.g . In other form, the utility grid (infinite bus) is over capacity in second and forth 

scenarios, refer to table.2 where it's contributed with +6% above rated power, then the right 

decision is automatic island for low priority load (subload) which predetermined by 

SCADA system, this done at 4.26 sec by disconnecting the subload when the capacity 

measured on bus-1 reaches the rated power value as shown in figure.9.h .The condition to 

restoration the island load is there is enough electrical capacity by reconnecting the wind 

farm if the energy produced is equal to or greater than the isolated load. If conditions are 

not met, the situation will remain the same. There is no doubt that the positive effect of 

ensuring the stability of the energy supply for loads in ring, especially in the worst weather 

conditions and this is strongly illustrated in the table 4. 

 
                       (a)                                                     (b)                                                      (c) 
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                                   (d)                                                                        (f) 

 (e)                                                                                 (g) 

                                                                                (h) 

 

 

 

 

 

 

 

 

 

 

Figure.9 shows (a) Change an Irradiance from High to Low  which monitoring  by SCADA , (b) 

PV microgrid Island Mode Status , (c) PV Power Measured at High and Low Irradiance in Bus-3, 

(d & e) Voltage Measured in Bus-3 during Over & Normal Capacity in PV microgrid islanded , (f 

& g) Frequency Measured in Bus-3 during Over & Normal Capacity in PV microgrid islanded and 

(h) Power monitoring by Bus-1 “Infinite bus” Vs Subload Island status. 
  

Table 4: Shows subload island effects in all buses in worst weather conditions 

 

MW 

Scenario 
Subload Status Wind Farm PV Farm Infinite bus Gross Prod Gross Load 

Scenario 4 Connected 4 0.2 57.95 63.26 61.37 

Scenario 4 Islanded 4 0.2 51.39 58.26 56.37 

 

VII. VI.Conclusions 

This paper focuses on the impact of weather conditions factors that directly or indirectly reduce 

output power from renewable sources as PV and wind farms. Explains how the SCADA and the 

digital pyranometer are used to continuously monitor the performance of solar cells and to ensure 

optimal design of the PV and microgrid loads in proportion to their real output at all times whether 

in island mode or reconnected again to the utility grid . On the other hand, SCADA system will 

monitor the grid and the protective relays, continuously and then adapt the protection that by 

"isolation process for unnecessary loads or converted to island of microgrids from the grid ,ensure 

that the impact on the voltage or frequency during the isolation and restoration within the grid and 

also the possibility of the instantaneously disconnect instantaneous of microgrid in the fault 

occurred on the grid, that without waiting for the activation of protective relays in PV or wind 

farms and eliminate the consequences as increase the probability of disconnect of loads within 

microgrid and reduce the reliability of energy. Also, SCADA will be restored the isolated loads, 

that have been isolated automatically, based on the electrical parameters in the grid. When looking 

at PV system, the performance monitoring system is necessary to calculate the real-time power 

output produced by the system that will ensure the overall conversion efficiency of the system 
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remains over a period of time and act immediately in any abnormal events. it is used to find a 

perfect application to support the operation of the electrical tool. This study is expected to be very 

useful for design engineers responsible for smart grid and photo-voltaic systems design and 

implementation. 
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SUMMARY 

Digitization of basic substation functions such as control and protection is the major impact of modern 

Substation Automation Systems (SAS) on substations design and implementation, being able to replace 

the conventional hardwire realization of operation and protection functions by smart communication 

schemes without losing operation security or reliability. This enhancement in substation functions 

implementation leads to the emergence of fully digital substations and paves the way to inter-substation 

communications as well as wide area protection and control which is an important branch of smart grid 

realization. To replace direct wires with a peer-to-peer communication network, The Intelligent 

Electronic Devices “IEDs” must exchange status information in a very high speed so as to avoid any 

probability of losing a device status change indication before performing a control action or to send a 

protection signal to clear a fault instantaneously.  

This paper is a quantitative approach to evaluate the performance digital implementation of basic 

substation functions such as protection and inter-bay control. The results of this evaluation study are 

then compared with conventional hardwired schemes performance parameters to verify the significant 

advantages of digital schemes.  

The paper introduces two digital schemes, the first is an interlocking scheme and the second is a 

protection scheme. Both are simulated and tested for a real power plant substation to evaluate their 

response time and performance reliability. “IEC 61850 Test Suite Pro” software from Triangle 

Microworks (TMW) is used to simulate the IEDs pertinent to the interlocking and protection functions. 

The software will run on two PCs connected through an isolated local network. In the interlocking 

scheme, one simulated Bay Control Unit (BCU) sends the status of one Gas Insulating Substation (GIS) 

switch through the network to another simulated BCU which uses this status information in evaluating 

the closing operation of a given GIS switch. A new synchro-check protection scheme is added to the 

original Substation Configuration Language (SCL) file and accordingly, one of the substation synchro-

check relays is simulated to send the close permissive signal through the network to a simulated BCU 

to enable the later evaluate the closing operation of a given circuit breaker.  

All signals transmitted on the network are recorded and analyzed by “Wireshark” network analyzer and 

by “IEC 61850 Test Suite Pro” software to measure the exact response times of the simulated devices 

and test their conformity with IEC 61850 requirements. The reliability concept in digital protection and 

control schemes is realized in the simulations and the data loss probability is demonstrated to evaluate 

quantitatively the offered reliability. Besides, the network redundancy concept defined in IEC 61850 is 

discussed to enhance reliable performance.  It has been proven that the digital schemes surpass their 

conventional hardwired counterparts in terms of response time and reliability especially when applying 

network redundancy protocols.  
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Introduction 

Power transmission and distribution substations are part of modern smart grids. These grids have 

communication services that follow recent standards such as the IEC 61850. The IEC 61850 standard 

for substations enables the integration of all protection, control, measurement and monitoring functions. 

These functions require high speed and reliable communications in the substation. Traditionally this was 

achieved using copper wires between the control station and IEDs, and between the IEDs in the 

substation. However, using copper wires for communication creates a very complex network of wires 

inside the substation. Now, Ethernet-based local area network (LAN) provides better speed, reliability 

and is easy to install and maintain [1].  

As a LAN based protocol, Generic Object Oriented Substation Event (GOOSE) is reliable for event and 

status exchange between IEC 61850 based IEDs either for power protection or for control. Some critical 

control operations (such as interlocking and Auto-reclosure signals) as well as protection related signals 

(such as trip and blocking) utilize IEC 61850-8-1 communication service for event and status delivery 

within real time protection and control facilities. Performing real-time delivery GOOSE 

communications offers time-critical features by using Ethernet (IEEE 802.3) multicasting paradigm. 

IEC 61850 Performance specification for critical-time communication requires less than 3 ms end-to-

end Application-to-Application latency. This constraint has been studied in different aspects. To 

evaluate the network delay and hence the SAS performance, modeling and simulation approaches were 

pursued to simulate communications of both Ethernet-based GOOSE and Sampled Values (SV) [2]. 

Other researchers addressed co-simulation methodology, i.e. Hardware in the Loop (HIL) for studying 

SAS communication behavior. In this approach, real IEDs are connected to a simulated network that 

models actual networks complexities. Meanwhile, other researchers adopted real-time experimental 

measurements to compute network delay [3]. 

In this paper, a simple implementation of a real substation control and protection network will be realized 

where two IEDs of the substation will be simulated on two PCs and communicate through a LAN to 

implement two substation functions. The network delay will be estimated according to real-time 

experimental measurements. The time delay analysis will be demonstrated in the last section of the 

paper.  

 

Theoretical Background 

In order to replace direct wires with a peer-to-peer communication network, the Intelligent Electronic 

Devices “IEDs” must exchange information in very high speed so as to avoid any probability of losing 

a device status change indication or delaying a protection signal. To achieve this requirement, the 

standard IEC 61850 defines a special mechanism or protocol for transmitting such critical information 

called Generic Object Oriented Substation Event “GOOSE”. IEC 61850 states that the signal of interest 

(which is of “Status” type) has to be transmitted continuously on the network by the relevant IED, on 

the other hand, the IED needing this signal has to read it in the proper time. This transmitting IED is 

called “Publisher” while the IED that should get the transmitted information is called “Subscriber” [4]. 
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Fig. 1 GOOSE Messaging Mechanism 

To ensure that the subscriber is constantly updated with the necessary information from the publisher, 

the GOOSE message is retransmitted in a steady frequency until the GOOSE data changes, at that time 

the original stream stops and a new message is generated immediately with the new data and then 

retransmitted with a high frequency initially and finally at the steady state frequency as shown in Fig. 1. 

Up-to-date the implementation of IEC 61850-8, the time duration between successive published GOOSE 

messages ranges from some milliseconds to one second. These time limits are defined in the IED 

Substation Configuration Language “SCL” file as shows in Fig. 1. 

 

Simulation of Real Power Plant Substation 

The system under consideration is the South Helwan 500 kV Power Plant Substation is simulated to 

realize two basic substation functions digitally, namely interlocking and synchro-check functions. The 

substation SCL file (which is called Substation Configuration Description “SCD” since it describes the 

entire Substation configuration) is loaded to the “IEC 61850 Test Suite Pro” application by Triangle 

Microworks (TMW) to simulate the relevant IEDs. The IEC 61850 Test suite application will run on 

two PCs connected through an isolated local network. The Test suite will enable both PCs to run as an 

IED; a Bay Control Unit “BCU” or a protection relay. 

 

First Scheme: Digital Interlocking Scheme Simulation 

This scheme is readily enabled on the substation BCUs. This scheme will be simulated in this section to 

test its validity. According to the substation control configuration, one BCU (working in redundancy 

mode) will control an individual bay in the GIS (a bay in double busbar-double breaker scheme means 

two breakers with their associated disconnect switches and earthing switches). The Single Line Diagram 

“SLD” of the substation is shown in Fig. 2 (a). Fig. 2(b) shows the first and second bays details. 

 

 
Fig.2 (a) South Helwan 500 kV GIS SLD 

 

According to basic interlocking conditions, the busbar 1 Fast Acting Earthing Switch FES Q331 will 

not close unless all Disconnect Switches DS Q251 of the breakers connected to busbar 1 are open, 

accordingly each BCU controlling a breaker connected to busbar 1 shall signal the status of its disconnect 

switch DS Q251 to B01 BCU since it is the BCU controlling busbar 1 Fast Acting Earthing switch FES 

Q331. 
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It can be recognized from the GIS SCL file (written in XML language) that each BCU of the six bays 

from B02 through B07 transmits DS Q251 status through GOOSE message and the B01 BCU subscribes 

to all six GOOSE messages to get the current status of DS Q251 for each bay. These subscribed status 

values are then entered into the interlocking equation to evaluate the possibility of closing FES Q331.  

Since the simulation is carried out on the SCD file, it is useful to introduce the object naming principle 
of the GIS devices of the used in the SCD file according to IEC 61850. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig.2 (b) Bay 1 and Bay 2 SLD showing devices under investigation DS Q251 and FES Q331 
 

 

Data Object Naming according to IEC 61850 

The data object and data attribute names in IEC 61850 follow the structure defined in Fig. 3 (a) & (b) 

below. 

 

 

(a)                                                       (b) 

Fig.3 (a) IEC 61850 Data Modelling, (b) Data object syntax example 
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According to the standard, the switching device names shall start with “X” then the device type shall 

follow; “CBR” for breaker and “SWI” for the switches. The SCD file gives the instance “1” to the 

specific disconnect switch DS Q251 and thus is written as XSWI1 according to the naming rule defined 

above, while it gives the instance 5 to FES Q331 and thus is written as XSWI5.  

According to Fig. 3 (a) and (b) DS Q251 status data attribute is written as 

“B02_MCONTROL1/XSWI1.ST.Pos.stVal”. Where, B02_MCONTROL1 is the Logical Device (LD), 

XSWI1 is the Logical Node (LN), ST is the functional constraint and means Status, Pos is the Data 

Object and means Position which has main three Data Attributes: stVal (status value), q (quality of data) 

and t (timestamp). These three attributes can be seen in the data structure tree under the Data Object 

“Pos” of the IED tree diagram in the simulator as will be seen later in Fig. 4.  

As a demonstration for the interlocking scheme, one of the six BCUs transmitting their DS Q251 status 

to B01 BCU on one PC, this will be B02 BCU while the B01 BCU itself will be simulated on the other 

PC. As per the GOOSE protocol principle illustrated in Section (1), B02 BCU will publish its GOOSE 

messages on the local network and B01 BCU will subscribe to them. To examine the published GOOSE 

stream, the “Wireshark” network data analyzer is run on the subscribing PC simulating B01 BCU.  

Fig. 4 below shows a snapshot of the Wireshark capture depicting the GOOSE messages recorded 

sequentially in time.  

 

Fig. 4 Published GOOSE stream as recorded at the subscribing device 

To see the content of each GOOSE message, one of them is selected to display the contents depicted in 

Fig. 5 below. It can be seen that each message contains a “dataset” which is a group of selected data 

attributes conveying the required information of the GOOSE message. The dataset in the GOOSE under 

investigation has 10 data attribute values (one of them is our XSWI1 status value) as shown in Fig. 5, 

all of them are transmitted together in a periodic fashion. To realize the GOOSE behavior, the GOOSE 

stream will be analyzed and the time between successive transmissions will be measured in the steady 

state and in case of data change. 

In the steady state, the time between transmissions can be measured by comparing the timestamps of 

two consecutive packets shown in the left-hand side pane of the capture in Fig. 4. It can be noticed from 

the first five messages that the steady state transmission occurs at a rate of 1s approximately. When 

XSWI1 status is changed, is one of the 10 data values in the GOOSE dataset, a new GOOSE message 

will be transmitted immediately to indicate this change in the dataset content in a multicast pattern, i.e. 

it will be published on the network to all IEDs or to a group of IEDs among which the subscribing device 

exists. 

“Packet no.6” Start of new GOOSE 

transmission after data change 

Initial steady state transmission 
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In our case,  the GOOSE will be transmitted to all Ethernet hub ports and can be subscribed to by any 

device connected to any of these ports. The new GOOSE message indicating the data change has a new 

sequence number (sqNum) starting from 0, the first message sequence number after the change (message 

no. 6 in Fig. 2), and this sequence number is incremented in each successive message. 

 

Fig. 5 GOOSE Anatomy 

 

According to the above argument, when XSWI1 status is changed at B02 BCU from “off” to “on”, i.e. 

changing B02_MCONTROL1/XSWI1.ST.Pos.stVal to “On” as depicted in Fig. 6 (a) and Fig. 6 (b) 

respectively, the steady-state pattern with one-second frequency is altered and the new message no. 6 is 

sent followed by retransmissions. The retransmission time after the change can be found by comparing 

message no. 7 to message no. 6 timestamps in seconds, and message no. 8 to message no. 7 timestamps 

in Fig. 4, which yields 15 ms approximately.  This retransmission rate decreases gradually to reach the 

steady state 1s again, as seen from the timestamp of packet no. 15 till the end of the capture. The IO 

graph of the Wireshark shows this behavior as depicted in Fig. 7. 

 

 
 

 
 

 

 

 

 

 

 

 

 
 

 

 
 

 

 

 

Fig. 6 (a)         Fig. 6 (b) 

 

GOOSE Control Block dataset 

content: 10 data attributes 

Sequence number 

Dataset name 
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Fig. 6 (a) B02 bay XSWI1 Disconnect switch status before the change (Open), 

Fig. 6 (b) Status of XSWI1 switch in B02 IED changed to closed 
 

Fig. 7 GOOSE Transmission before and after data change 
 

Verification of GOOSE timers versus SCD file settings 

From the SCD file, the GOOSE minimum and maximum retransmission times are defined in the below 

extract in red; min. time > 10 ms and max. time < 2 s. 

 

                <GSE cbName="cbGooseST" ldInst="CONTROL1"> 
                    <Address> 
                        <P type="MAC-Address">01-0C-CD-01-00-00</P> 
                        <P type="APPID">3000</P> 
                        <P type="VLAN-ID">0</P> 
                        <P type="VLAN-PRIORITY">4</P> 
                    </Address> 
                    <MinTime multiplier="m" unit="s">10</MinTime> 
                    <MaxTime multiplier="m" unit="s">2000</MaxTime> 
                </GSE> 

From above, it is obvious that the simulated minimum and maximum Retransmission times (15ms and 

1s respectively) are within the defined ranges in the SCD file. It is worth noting here that the measured 

15 ms minimum retransmission time is bound to the Windows Operating System minimum clock 

interval which is typically 15 ms and therefore the test tool running on Windows couldn’t execute 

processes in a time less than this interval although the timers implemented in the tool allows 10 ms as a 

minimum retransmission time, this time resolution can only be met in Real Time Operating Systems of 

the IEDs. 

 

Subscription to GOOSE at B01 BCU 

B01 BCU subscribes continuously to the incoming GOOSE stream from B02 BCU and XSWI1 status 

values are extracted and then mapped to an internal address of B01 SCL file to be processed by the BCU 

in evaluating the interlocking equation of Busbar 1 earthing switch XSWI15. Fig. 8 shows the 

subscription before XSWI1 status change while Fig. 9 shows the subscription after the change. 

Steady state High-speed transmission 
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Fig. 8 GOOSE Subscription at B01 BCU before XSWI1 status change 

 

 

 
 

 

 

 

 

 

 
 

 

 
 

 

 
Fig. 9 GOOSE Subscription at B01 BCU after XSWI1 status change 

 

Second Scheme: Digital Synchro-Check Function 

In the same way as done in digital interlocking scheme above, digital synchro-check protection function 

will be implemented. The idea is to allow a synchro-check relay to communicate digitally the 

synchronization release condition to the BCU controlling a given breaker when the voltage phasors at 

both sides of the breaker are synchronized. The voltage phasors comparison is assumed to be done 

normally by the IED outside the scope of this paper. The resulting closing release signal value is the one 

of interest in this test. This proposed scheme eliminates the need for complex wiring between IEDs and 

enables distributed control and protection functions which are a smart alternative to conventional central 

protection schemes. In addition, this scheme is a simple realization of Wide Area Protection and Control, 

where the remote System Protection and Control Center can perform real-time operations. The only 

difference is the protocol used which will be Routable GOOSE instead of normal GOOSE [5]. To enable 

this function, the Logical Node (LN) RSYN shall publish its Release “Rel” Data Object status value 

continuously on the network while the relevant BCU controlling a given breaker will continuously 

subscribe on this GOOSE stream. A new GOOSE Control Block “GoCB” will be added in the synchro-

check relay B01_F79F25_1 in the pertinent SCD file sections with dataset including this Data Object as 

shown below: 

 
New GOOSE Communication settings: 

 
               <GSE cbName="gcb20" ldInst="Control"> 
                    <Address> 
                        <P type="MAC-Address">01-0C-CD-01-00-00</P> 

Subscribed GOOSE message 

Subscribed GOOSE content 

Subscribed GOOSE message 

New Subscribed GOOSE after change 

Original Subscribed GOOSE 

message 

New Subscribed GOOSE content 

message 
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                        <P type="APPID">0000</P> 
                        <P type="VLAN-ID">000</P> 
                        <P type="VLAN-PRIORITY">4</P> 
                    </Address> 
                    <MinTime multiplier="m" unit="s">5</MinTime> 
                    <MaxTime multiplier="m" unit="s">1000</MaxTime> 
                </GSE> 

 

New Dataset: 
                <LN0 desc="LLN0 control for non-distance relays" 
                        inst="" lnClass="LLN0" 
lnType="B01_F79F25_1_LLN0_CONTROL_NO_DIST"> 
              <DataSet name="Dataset10"> 
              <FCDA doName="Rel" fc="ST" ldInst="Control" lnClass="RSYN" lnInst="1" 
prefix="Asc"/> 
              </DataSet> 

 

New GoCB: 
 
                 <GSEControl name="gcb20" desc="Control Logical Device GOOSE Control 
Block 1" confRev="0" appID="B01_F79F25_1Control/LLN0$GO$gcb20" type="GOOSE" 
datSet="Dataset10"/> 
                 </LN0> 

The modified SCD file is loaded to the PC simulating B01_F79F25_1 IED and the PC simulating the 

controlling B01_M BCU. B01_F79F25_1 IED now publishes the new GOOSE messages while B01_M 

BCU shall subscribe to these messages continuously to know if the synchronizing condition is met or 

not and hence can execute 4011 CB close operation or prevent it.   

Fig. 10 shows the subscription process of B01_M BCU to the published GOOSE when the synchronizing 

condition is initially not fulfilled “False”. Once it is changed to “True” at B01_F79F25_1 IED, the new 

GOOSE is received immediately and the subsequent subscription process acquires the new value as seen 

in Fig. 11. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10 B01_M BCU subscription to false synchronizing condition 
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Fig. 11 B01_M BCU subscription to true synchronizing condition 

Fig. 12 shows how digitized distributed substation function looks like in the two introduced schemes. 

 

 

 

 

 

 

 

 

 

Fig. 12 Digital interlocking and synchro-check functions conceptual diagram 

 

Timing analysis 
 

In this section, the performance of the digital substation functions will be evaluated in terms of time 

response. The total transfer time (t) is defined according to IEC 61850-5 as (Refer to Fig. 13): 

t = ta + tb + tc  

Where:  

ta = Processing time inside publishing IED 
tb = Transmission time between two IEDs 

tc = Processing time inside subscribing IED 

 

The transmission time tb can be further divided into GOOSE frame transmission time (or GOOSE frame 

length) tf and network delay time td: 

 

  tb = tf + td 

To determine tf, one can divide the no. of bits in the message by the network card bitrate, since the PCs 

use Giga Ethernet cards, the bitrate can be considered 1 Gb/s. From the Wireshark snapshot of Fig. 1, 

the GOOSE frame length can be seen at the first column from the right as 178 Bytes, i.e. 178 x 8 = 1424 

bits.  

 

Therefore,    tf = 1424/109 = 1.42 µs  

The network delay time td depends on the network structure, the number of nodes, switches configuration 

…etc. In our case, the network structure is very simple, two PCs are connected through a single Ethernet 

hub, thus td is minimal and it is approximately equal to the delay time of the hub. It is in the range of 

hundreds of nanoseconds. Thus, tb can take a value around 2µs. The greater contribution of the total 

transmission time comes from ta and tc, they are in the millisecond range. 

The publishing time ta is the elapsed time from the data change till the GOOSE is published while the 

subscription time tc is the time elapsed from receiving the GOOSE till the dataset members are extracted 

from the GOOSE message and the IED SCL model are updated. These times couldn’t be measured 

directly by the tool, but they can be found by comparing the timestamp of the value change in the SCL 

model to that of the transmitted or received GOOSE frame however, the former timestamp recording is 

not feasible in IED server implementations under Windows Operating System. 

 

 

 

  

 

 

 

 
 

 

 



 
 

Cigre Egypt 2019 

99 

 

Fig. 13 GOOSE Transfer time as per IEC 61850-5 

The total transfer time can be measured experimentally according to GOOSE Ping-Pong method defined 

in IEC 61850-10 as shown in Fig. 14. The test shall be performed at least 1000 times according to this 

standard. It has to be noted here that according to IEC 61850-5, the maximum allowed delay for fast 

messages is 3 ms. In one of these experiments, Wireshark was adopted to acquire timestamps tx and ty 

and hence calculate the roundtrip time troundtrip [6]. The transfer time is then calculated as: 

 
t = troundtrip – tapplication 

 

 tapplication is provided by the IED manufacturer and hence the transfer time can be evaluated when 

roundtrip time is measured. The transfer time according to this experiment is calculated as 1.34 ms [7].  

 

 

 

 

 

 
 

 

 
 

 

Fig. 14 Ping-Pong method for the round trip time measurement of GOOSE 
 

One can compare the experimentally measured total transmission time delay (1.34 ms) to the time taken 

to respond to status change in conventional hardwired scheme, which is around 8 to 20 ms due to typical 

electromechanical relays response. The above analysis describes the time performance of digitally 

implemented substation functions.  

To evaluate the reliability, one should consider the probability of losing a GOOSE frame before 

subscription. The worst expected case is failing to receive the first transmission after status or data 

change, in this case the controlling IED will get the next GOOSE frame which will be approximately 

after the first one by10 ms plus the total transmission time (1.5 ms), i.e. 11.5 ms approximately which 

is still good compared to the conventional control and protection schemes. Thus, it could be recognized 

obviously that the IED will be continuously updated by the current status of the relevant device at a high 

frequency pattern. This fact cannot be guaranteed by conventional interlocking implementation since 

that if the wires get broken, the IED will lose any update of status. 

In addition to the network reliability discussed above, the physical device availability in the network has 

to be considered. In order to increase the reliability of digital interlocking and protection schemes, a 

redundant network connection is highly recommended. This is to allow for a backup connection in case 

of the working connection failure. IEC 61850 Edition 2 defines two redundancy protocols; High 

Availability Seamless Redundancy “HSR” and Parallel Redundancy Protocol “PRP” which provide zero 

recovery time in case of single network failure [8]. 

 

Conclusion 

In this paper, a simulation study is carried out to evaluate modern substation digital function schemes 

and compare them to the conventional hardwired schemes on a quantitative base. This is accomplished 

by simulating a digital interlocking scheme and a digital synchro-check scheme in a real double busbar 

double breaker substation. In both schemes, the simulation involves the generation of two GOOSE 

messages streams from a BCU of one bay and from a synchro-check relay for disconnect switch status 

indication and synchro-check release indication respectively. Both GOOSE streams are analyzed and 

the time between retransmissions is measured in both steady state and switching cases. The simulated 

BCU controlling busbar earthing switch operation and circuit breaker operation subscribes successfully 

to the published GOOSE streams from both simulated bay BCU and synchro-check relay. Finally, the 
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simulated digital schemes are evaluated and compared to their conventional hardwired counterparts in 

terms of time response and reliability, where the former were found to be better in both.  
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SUMMARY 

Digitization of basic substation functions such as control and protection is the major impact of modern 

Substation Automation Systems (SAS) on substations design and implementation, being able to replace 

the conventional hardwire realization of operation and protection functions by smart communication 

schemes without losing operation security or reliability. This enhancement in substation functions 

implementation leads to the emergence of fully digital substations and paves the way to inter-substation 

communications as well as wide area protection and control which is an important branch of smart grid 

realization. To replace direct wires with a peer-to-peer communication network, The Intelligent 

Electronic Devices “IEDs” must exchange status information in a very high speed so as to avoid any 

probability of losing a device status change indication before performing a control action or to send a 

protection signal to clear a fault instantaneously.  

This paper is a quantitative approach to evaluate the performance digital implementation of basic 

substation functions such as protection and inter-bay control. The results of this evaluation study are 

then compared with conventional hardwired schemes performance parameters to verify the significant 

advantages of digital schemes.  

The paper introduces two digital schemes, the first is an interlocking scheme and the second is a 

protection scheme. Both are simulated and tested for a real power plant substation to evaluate their 

response time and performance reliability. “IEC 61850 Test Suite Pro” software from Triangle 

Microworks (TMW) is used to simulate the IEDs pertinent to the interlocking and protection functions. 

The software will run on two PCs connected through an isolated local network. In the interlocking 

scheme, one simulated Bay Control Unit (BCU) sends the status of one Gas Insulating Substation (GIS) 

switch through the network to another simulated BCU which uses this status information in evaluating 

the closing operation of a given GIS switch. A new synchro-check protection scheme is added to the 

original Substation Configuration Language (SCL) file and accordingly, one of the substation synchro-

check relays is simulated to send the close permissive signal through the network to a simulated BCU 

to enable the later evaluate the closing operation of a given circuit breaker.  

All signals transmitted on the network are recorded and analyzed by “Wireshark” network analyzer and 

by “IEC 61850 Test Suite Pro” software to measure the exact response times of the simulated devices 

and test their conformity with IEC 61850 requirements. The reliability concept in digital protection and 

control schemes is realized in the simulations and the data loss probability is demonstrated to evaluate 

quantitatively the offered reliability. Besides, the network redundancy concept defined in IEC 61850 is 

discussed to enhance reliable performance.  It has been proven that the digital schemes surpass their 

conventional hardwired counterparts in terms of response time and reliability especially when applying 

network redundancy protocols.  
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Introduction 

Power transmission and distribution substations are part of modern smart grids. These grids have 

communication services that follow recent standards such as the IEC 61850. The IEC 61850 standard 

for substations enables the integration of all protection, control, measurement and monitoring functions. 

These functions require high speed and reliable communications in the substation. Traditionally this was 

achieved using copper wires between the control station and IEDs, and between the IEDs in the 

substation. However, using copper wires for communication creates a very complex network of wires 

inside the substation. Now, Ethernet-based local area network (LAN) provides better speed, reliability 

and is easy to install and maintain [1].  

As a LAN based protocol, Generic Object Oriented Substation Event (GOOSE) is reliable for event and 

status exchange between IEC 61850 based IEDs either for power protection or for control. Some critical 

control operations (such as interlocking and Auto-reclosure signals) as well as protection related signals 

(such as trip and blocking) utilize IEC 61850-8-1 communication service for event and status delivery 

within real time protection and control facilities. Performing real-time delivery GOOSE 

communications offers time-critical features by using Ethernet (IEEE 802.3) multicasting paradigm. 

IEC 61850 Performance specification for critical-time communication requires less than 3 ms end-to-

end Application-to-Application latency. This constraint has been studied in different aspects. To 

evaluate the network delay and hence the SAS performance, modeling and simulation approaches were 

pursued to simulate communications of both Ethernet-based GOOSE and Sampled Values (SV) [2]. 

Other researchers addressed co-simulation methodology, i.e. Hardware in the Loop (HIL) for studying 

SAS communication behavior. In this approach, real IEDs are connected to a simulated network that 

models actual networks complexities. Meanwhile, other researchers adopted real-time experimental 

measurements to compute network delay [3]. 

In this paper, a simple implementation of a real substation control and protection network will be realized 

where two IEDs of the substation will be simulated on two PCs and communicate through a LAN to 

implement two substation functions. The network delay will be estimated according to real-time 

experimental measurements. The time delay analysis will be demonstrated in the last section of the 

paper.  

 

Theoretical Background 

In order to replace direct wires with a peer-to-peer communication network, the Intelligent Electronic 

Devices “IEDs” must exchange information in very high speed so as to avoid any probability of losing 

a device status change indication or delaying a protection signal. To achieve this requirement, the 

standard IEC 61850 defines a special mechanism or protocol for transmitting such critical information 

called Generic Object Oriented Substation Event “GOOSE”. IEC 61850 states that the signal of interest 

(which is of “Status” type) has to be transmitted continuously on the network by the relevant IED, on 

the other hand, the IED needing this signal has to read it in the proper time. This transmitting IED is 

called “Publisher” while the IED that should get the transmitted information is called “Subscriber” [4]. 

 

Fig. 1 GOOSE Messaging Mechanism 
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To ensure that the subscriber is constantly updated with the necessary information from the publisher, 

the GOOSE message is retransmitted in a steady frequency until the GOOSE data changes, at that time 

the original stream stops and a new message is generated immediately with the new data and then 

retransmitted with a high frequency initially and finally at the steady state frequency as shown in Fig. 1. 

Up-to-date the implementation of IEC 61850-8, the time duration between successive published GOOSE 

messages ranges from some milliseconds to one second. These time limits are defined in the IED 

Substation Configuration Language “SCL” file as shows in Fig. 1. 

 

Simulation of Real Power Plant Substation 

The system under consideration is the South Helwan 500 kV Power Plant Substation is simulated to 

realize two basic substation functions digitally, namely interlocking and synchro-check functions. The 

substation SCL file (which is called Substation Configuration Description “SCD” since it describes the 

entire Substation configuration) is loaded to the “IEC 61850 Test Suite Pro” application by Triangle 

Microworks (TMW) to simulate the relevant IEDs. The IEC 61850 Test suite application will run on 

two PCs connected through an isolated local network. The Test suite will enable both PCs to run as an 

IED; a Bay Control Unit “BCU” or a protection relay. 

 

First Scheme: Digital Interlocking Scheme Simulation 

This scheme is readily enabled on the substation BCUs. This scheme will be simulated in this section to 

test its validity. According to the substation control configuration, one BCU (working in redundancy 

mode) will control an individual bay in the GIS (a bay in double busbar-double breaker scheme means 

two breakers with their associated disconnect switches and earthing switches). The Single Line Diagram 

“SLD” of the substation is shown in Fig. 2 (a). Fig. 2(b) shows the first and second bays details. 

 

 
Fig.2 (a) South Helwan 500 kV GIS SLD 

 

According to basic interlocking conditions, the busbar 1 Fast Acting Earthing Switch FES Q331 will 

not close unless all Disconnect Switches DS Q251 of the breakers connected to busbar 1 are open, 

accordingly each BCU controlling a breaker connected to busbar 1 shall signal the status of its disconnect 

switch DS Q251 to B01 BCU since it is the BCU controlling busbar 1 Fast Acting Earthing switch FES 

Q331. 

It can be recognized from the GIS SCL file (written in XML language) that each BCU of the six bays 

from B02 through B07 transmits DS Q251 status through GOOSE message and the B01 BCU subscribes 



 
 

Cigre Egypt 2019 

92 

 

to all six GOOSE messages to get the current status of DS Q251 for each bay. These subscribed status 

values are then entered into the interlocking equation to evaluate the possibility of closing FES Q331.  

Since the simulation is carried out on the SCD file, it is useful to introduce the object naming principle 

of the GIS devices of the used in the SCD file according to IEC 61850. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig.2 (b) Bay 1 and Bay 2 SLD showing devices under investigation DS Q251 and FES Q331 
 

 

Data Object Naming according to IEC 61850 

The data object and data attribute names in IEC 61850 follow the structure defined in Fig. 3 (a) & (b) 

below. 

 

 

(a)                                                       (b) 

Fig.3 (a) IEC 61850 Data Modelling, (b) Data object syntax example 

According to the standard, the switching device names shall start with “X” then the device type shall 

follow; “CBR” for breaker and “SWI” for the switches. The SCD file gives the instance “1” to the 
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specific disconnect switch DS Q251 and thus is written as XSWI1 according to the naming rule defined 

above, while it gives the instance 5 to FES Q331 and thus is written as XSWI5.  

According to Fig. 3 (a) and (b) DS Q251 status data attribute is written as 

“B02_MCONTROL1/XSWI1.ST.Pos.stVal”. Where, B02_MCONTROL1 is the Logical Device (LD), 

XSWI1 is the Logical Node (LN), ST is the functional constraint and means Status, Pos is the Data 

Object and means Position which has main three Data Attributes: stVal (status value), q (quality of data) 

and t (timestamp). These three attributes can be seen in the data structure tree under the Data Object 

“Pos” of the IED tree diagram in the simulator as will be seen later in Fig. 4.  

As a demonstration for the interlocking scheme, one of the six BCUs transmitting their DS Q251 status 

to B01 BCU on one PC, this will be B02 BCU while the B01 BCU itself will be simulated on the other 

PC. As per the GOOSE protocol principle illustrated in Section (1), B02 BCU will publish its GOOSE 

messages on the local network and B01 BCU will subscribe to them. To examine the published GOOSE 

stream, the “Wireshark” network data analyzer is run on the subscribing PC simulating B01 BCU.  

Fig. 4 below shows a snapshot of the Wireshark capture depicting the GOOSE messages recorded 

sequentially in time.  

 

Fig. 4 Published GOOSE stream as recorded at the subscribing device 

To see the content of each GOOSE message, one of them is selected to display the contents depicted in 

Fig. 5 below. It can be seen that each message contains a “dataset” which is a group of selected data 

attributes conveying the required information of the GOOSE message. The dataset in the GOOSE under 

investigation has 10 data attribute values (one of them is our XSWI1 status value) as shown in Fig. 5, 

all of them are transmitted together in a periodic fashion. To realize the GOOSE behavior, the GOOSE 

stream will be analyzed and the time between successive transmissions will be measured in the steady 

state and in case of data change. 

In the steady state, the time between transmissions can be measured by comparing the timestamps of 

two consecutive packets shown in the left-hand side pane of the capture in Fig. 4. It can be noticed from 

the first five messages that the steady state transmission occurs at a rate of 1s approximately. When 

XSWI1 status is changed, is one of the 10 data values in the GOOSE dataset, a new GOOSE message 

will be transmitted immediately to indicate this change in the dataset content in a multicast pattern, i.e. 

it will be published on the network to all IEDs or to a group of IEDs among which the subscribing device 

exists. 

In our case,  the GOOSE will be transmitted to all Ethernet hub ports and can be subscribed to by any 

device connected to any of these ports. The new GOOSE message indicating the data change has a new 

“Packet no.6” Start of new GOOSE 

transmission after data change 

Initial steady state transmission 
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sequence number (sqNum) starting from 0, the first message sequence number after the change (message 

no. 6 in Fig. 2), and this sequence number is incremented in each successive message. 

 

Fig. 5 GOOSE Anatomy 

 

According to the above argument, when XSWI1 status is changed at B02 BCU from “off” to “on”, i.e. 

changing B02_MCONTROL1/XSWI1.ST.Pos.stVal to “On” as depicted in Fig. 6 (a) and Fig. 6 (b) 

respectively, the steady-state pattern with one-second frequency is altered and the new message no. 6 is 

sent followed by retransmissions. The retransmission time after the change can be found by comparing 

message no. 7 to message no. 6 timestamps in seconds, and message no. 8 to message no. 7 timestamps 

in Fig. 4, which yields 15 ms approximately.  This retransmission rate decreases gradually to reach the 

steady state 1s again, as seen from the timestamp of packet no. 15 till the end of the capture. The IO 

graph of the Wireshark shows this behavior as depicted in Fig. 7. 

 

 
 

 

 
 

 

 

 

 

 

 

 

 
 

 

 
 

 

 

Fig. 6 (a)         Fig. 6 (b) 

 

Fig. 6 (a) B02 bay XSWI1 Disconnect switch status before the change (Open), 

Fig. 6 (b) Status of XSWI1 switch in B02 IED changed to closed 

GOOSE Control Block dataset 

content: 10 data attributes 

Sequence number 

Dataset name 
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Fig. 7 GOOSE Transmission before and after data change 
 

Verification of GOOSE timers versus SCD file settings 

From the SCD file, the GOOSE minimum and maximum retransmission times are defined in the below 

extract in red; min. time > 10 ms and max. time < 2 s. 

 

                <GSE cbName="cbGooseST" ldInst="CONTROL1"> 
                    <Address> 
                        <P type="MAC-Address">01-0C-CD-01-00-00</P> 
                        <P type="APPID">3000</P> 
                        <P type="VLAN-ID">0</P> 
                        <P type="VLAN-PRIORITY">4</P> 
                    </Address> 
                    <MinTime multiplier="m" unit="s">10</MinTime> 
                    <MaxTime multiplier="m" unit="s">2000</MaxTime> 
                </GSE> 

From above, it is obvious that the simulated minimum and maximum Retransmission times (15ms and 

1s respectively) are within the defined ranges in the SCD file. It is worth noting here that the measured 

15 ms minimum retransmission time is bound to the Windows Operating System minimum clock 

interval which is typically 15 ms and therefore the test tool running on Windows couldn’t execute 

processes in a time less than this interval although the timers implemented in the tool allows 10 ms as a 

minimum retransmission time, this time resolution can only be met in Real Time Operating Systems of 

the IEDs. 

 

Subscription to GOOSE at B01 BCU 

B01 BCU subscribes continuously to the incoming GOOSE stream from B02 BCU and XSWI1 status 

values are extracted and then mapped to an internal address of B01 SCL file to be processed by the BCU 

in evaluating the interlocking equation of Busbar 1 earthing switch XSWI15. Fig. 8 shows the 

subscription before XSWI1 status change while Fig. 9 shows the subscription after the change. 

Steady state High-speed transmission 
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Fig. 8 GOOSE Subscription at B01 BCU before XSWI1 status change 

 

 

 
 

 

 

 

 

 

 
 

 

 
 

 

 
Fig. 9 GOOSE Subscription at B01 BCU after XSWI1 status change 

 

Second Scheme: Digital Synchro-Check Function 

In the same way as done in digital interlocking scheme above, digital synchro-check protection function 

will be implemented. The idea is to allow a synchro-check relay to communicate digitally the 

synchronization release condition to the BCU controlling a given breaker when the voltage phasors at 

both sides of the breaker are synchronized. The voltage phasors comparison is assumed to be done 

normally by the IED outside the scope of this paper. The resulting closing release signal value is the one 

of interest in this test. This proposed scheme eliminates the need for complex wiring between IEDs and 

enables distributed control and protection functions which are a smart alternative to conventional central 

protection schemes. In addition, this scheme is a simple realization of Wide Area Protection and Control, 

where the remote System Protection and Control Center can perform real-time operations. The only 

difference is the protocol used which will be Routable GOOSE instead of normal GOOSE [5]. To enable 

this function, the Logical Node (LN) RSYN shall publish its Release “Rel” Data Object status value 

continuously on the network while the relevant BCU controlling a given breaker will continuously 

subscribe on this GOOSE stream. A new GOOSE Control Block “GoCB” will be added in the synchro-

check relay B01_F79F25_1 in the pertinent SCD file sections with dataset including this Data Object as 

shown below: 

New GOOSE Communication settings: 
 
               <GSE cbName="gcb20" ldInst="Control"> 
                    <Address> 
                        <P type="MAC-Address">01-0C-CD-01-00-00</P> 
                        <P type="APPID">0000</P> 
                        <P type="VLAN-ID">000</P> 

Subscribed GOOSE message 

Subscribed GOOSE content 

Subscribed GOOSE message 

New Subscribed GOOSE after change 

Original Subscribed GOOSE 

message 

New Subscribed GOOSE content 

message 
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                        <P type="VLAN-PRIORITY">4</P> 
                    </Address> 
                    <MinTime multiplier="m" unit="s">5</MinTime> 
                    <MaxTime multiplier="m" unit="s">1000</MaxTime> 
                </GSE> 

New Dataset: 
                <LN0 desc="LLN0 control for non-distance relays" 
                        inst="" lnClass="LLN0" 
lnType="B01_F79F25_1_LLN0_CONTROL_NO_DIST"> 
              <DataSet name="Dataset10"> 
              <FCDA doName="Rel" fc="ST" ldInst="Control" lnClass="RSYN" lnInst="1" 
prefix="Asc"/> 
              </DataSet> 

New GoCB: 
 
                 <GSEControl name="gcb20" desc="Control Logical Device GOOSE Control 
Block 1" confRev="0" appID="B01_F79F25_1Control/LLN0$GO$gcb20" type="GOOSE" 
datSet="Dataset10"/> 
                 </LN0> 

The modified SCD file is loaded to the PC simulating B01_F79F25_1 IED and the PC simulating the 

controlling B01_M BCU. B01_F79F25_1 IED now publishes the new GOOSE messages while B01_M 

BCU shall subscribe to these messages continuously to know if the synchronizing condition is met or 

not and hence can execute 4011 CB close operation or prevent it.   

Fig. 10 shows the subscription process of B01_M BCU to the published GOOSE when the synchronizing 

condition is initially not fulfilled “False”. Once it is changed to “True” at B01_F79F25_1 IED, the new 

GOOSE is received immediately and the subsequent subscription process acquires the new value as seen 

in Fig. 11. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10 B01_M BCU subscription to false synchronizing condition 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11 B01_M BCU subscription to true synchronizing condition 
Fig. 12 shows how digitized distributed substation function looks like in the two introduced schemes. 

 

 

Next subscription 

Initial subscription 
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Fig. 12 Digital interlocking and synchro-check functions conceptual diagram 

 

Timing analysis 
 

In this section, the performance of the digital substation functions will be evaluated in terms of time 

response. The total transfer time (t) is defined according to IEC 61850-5 as (Refer to Fig. 13): 

t = ta + tb + tc  
Where:  

ta = Processing time inside publishing IED 

tb = Transmission time between two IEDs 
tc = Processing time inside subscribing IED 

 

The transmission time tb can be further divided into GOOSE frame transmission time (or GOOSE frame 

length) tf and network delay time td: 

 

  tb = tf + td 

To determine tf, one can divide the no. of bits in the message by the network card bitrate, since the PCs 

use Giga Ethernet cards, the bitrate can be considered 1 Gb/s. From the Wireshark snapshot of Fig. 1, 

the GOOSE frame length can be seen at the first column from the right as 178 Bytes, i.e. 178 x 8 = 1424 

bits.  

 

Therefore,    tf = 1424/109 = 1.42 µs  

The network delay time td depends on the network structure, the number of nodes, switches configuration 

…etc. In our case, the network structure is very simple, two PCs are connected through a single Ethernet 

hub, thus td is minimal and it is approximately equal to the delay time of the hub. It is in the range of 

hundreds of nanoseconds. Thus, tb can take a value around 2µs. The greater contribution of the total 

transmission time comes from ta and tc, they are in the millisecond range. 

The publishing time ta is the elapsed time from the data change till the GOOSE is published while the 

subscription time tc is the time elapsed from receiving the GOOSE till the dataset members are extracted 

from the GOOSE message and the IED SCL model are updated. These times couldn’t be measured 

directly by the tool, but they can be found by comparing the timestamp of the value change in the SCL 

model to that of the transmitted or received GOOSE frame however, the former timestamp recording is 

not feasible in IED server implementations under Windows Operating System. 

 

 

 
  

 

 

 

 

 

 

 

Fig. 13 GOOSE Transfer time as per IEC 61850-5 

The total transfer time can be measured experimentally according to GOOSE Ping-Pong method defined 

in IEC 61850-10 as shown in Fig. 14. The test shall be performed at least 1000 times according to this 

standard. It has to be noted here that according to IEC 61850-5, the maximum allowed delay for fast 
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messages is 3 ms. In one of these experiments, Wireshark was adopted to acquire timestamps tx and ty 

and hence calculate the roundtrip time troundtrip [6]. The transfer time is then calculated as: 

 

t = troundtrip – tapplication 
 

 tapplication is provided by the IED manufacturer and hence the transfer time can be evaluated when 

roundtrip time is measured. The transfer time according to this experiment is calculated as 1.34 ms [7].  

 
 

 

 

 

 

 

 

 

 
 

Fig. 14 Ping-Pong method for the round trip time measurement of GOOSE 

 

One can compare the experimentally measured total transmission time delay (1.34 ms) to the time taken 

to respond to status change in conventional hardwired scheme, which is around 8 to 20 ms due to typical 

electromechanical relays response. The above analysis describes the time performance of digitally 

implemented substation functions.  

To evaluate the reliability, one should consider the probability of losing a GOOSE frame before 

subscription. The worst expected case is failing to receive the first transmission after status or data 

change, in this case the controlling IED will get the next GOOSE frame which will be approximately 

after the first one by10 ms plus the total transmission time (1.5 ms), i.e. 11.5 ms approximately which 

is still good compared to the conventional control and protection schemes. Thus, it could be recognized 

obviously that the IED will be continuously updated by the current status of the relevant device at a high 

frequency pattern. This fact cannot be guaranteed by conventional interlocking implementation since 

that if the wires get broken, the IED will lose any update of status. 

In addition to the network reliability discussed above, the physical device availability in the network has 

to be considered. In order to increase the reliability of digital interlocking and protection schemes, a 

redundant network connection is highly recommended. This is to allow for a backup connection in case 

of the working connection failure. IEC 61850 Edition 2 defines two redundancy protocols; High 

Availability Seamless Redundancy “HSR” and Parallel Redundancy Protocol “PRP” which provide zero 

recovery time in case of single network failure [8]. 

 

Conclusion 

In this paper, a simulation study is carried out to evaluate modern substation digital function schemes 

and compare them to the conventional hardwired schemes on a quantitative base. This is accomplished 

by simulating a digital interlocking scheme and a digital synchro-check scheme in a real double busbar 

double breaker substation. In both schemes, the simulation involves the generation of two GOOSE 

messages streams from a BCU of one bay and from a synchro-check relay for disconnect switch status 

indication and synchro-check release indication respectively. Both GOOSE streams are analyzed and 

the time between retransmissions is measured in both steady state and switching cases. The simulated 

BCU controlling busbar earthing switch operation and circuit breaker operation subscribes successfully 

to the published GOOSE streams from both simulated bay BCU and synchro-check relay. Finally, the 

simulated digital schemes are evaluated and compared to their conventional hardwired counterparts in 

terms of time response and reliability, where the former were found to be better in both.  
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SUMMARY 

 

In recent years several major modern optimization techniques have been applied to the electric 

power systems. A large number of articles and reports have been published. The electric 

power systems operating reliability criteria and methods are needed by many utility 

companies. The reason behind that is the impact of transient states probabilities on plant 

economy. The transient probabilities indicate the performance of electric power system plants 

from start-up until a power plant reaches the steady state. The electric power system or even 

any other system, the transient probabilities that the system is passing through over its running 

history are necessary. Calculating the state probabilities of any system need a number of 

indices, some of these are the repair and failure rates of the system. Both coefficients are 

needed to form the transition rate matrix of the system. The transient state probabilities are 

calculated with an efficient method. Some of these methods are used in the present research. 

These are the fourth-order Runge-Kutta method and the Adams method. A number of 

examples related to real data are used and tested. In addition, applying both methods help to 

describe the behaviors of electric-power stations under test. A number of models are formed 

and tested. The comparison between the systems availability and unavailability for the tested 

state systems models using both methods are investigated. 
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INTRODUCTION 

 

The ordinary differential equations are solved using numerical solutions. The numerical 

solutions are used in the engineering problems research.  The efficient solution to the ordinary 

differential equations representing the engineering system are illustrating the behavior of the 

system. The behavior of the system is shown through period that the system is passing through. 

At the end, the accuracy of the solution is shown with a certain accuracy and efficiency.  

 
 

FOURTH-ORDER RUNGE-KUTTA METHOD 

 

The Runge-Kutta method was introduced as the fourth-order method which is widely used in 

many research application [1], where the German mathematicians Carl Runge (1856-1927) and 

Wilhelm Kutta (1867-1944) developed the method. The computers used nowadays to fasten the 

results to be found. This means that the reason behind using the computer is the computation 

speed, precision and relatively large interval of stability [2]. The algorithms for the method 

popularly known simply as Rung-Kutta method which can be written as follows: 
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Where: 

 i is the i iteration number (i = 1 to n) 

 j is the function number (j= 1 to N) 

 i and j are integers 

 ti = t0 + i-h 

 

In [2] study, the author developed two ways to construct Runge-Kutta type methods of 

randomly high order. In the construction of Runge-Kutta type methods, a critical technique 

associated with orthogonal polynomial expansion is applied. By using this approach, the author 
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note that there was no need to study the simple solution of multivariable nonlinear algebraic 

equations restricting from order conditions. The author [2] provides a note on continuous-stage 

Runge–Kutta methods for solving initial value problems of first-order ordinary differential 

equations. These investigated methods are interesting and creative extension of traditional 

Runge–Kutta methods, it can enlarge the application of ist approximation theory in modern 

mathematics and engineering fields. A highlighted advantage of investigation of continuous-

stage Runge–Kutta methods that it does not need to study the tedious solution of multivariable 

nonlinear algebraic equations associated with order conditions. At the same time, the author 

review, discuss and further promote the recently developed continuous-stage Runge–Kutta 

theory. In the construction of RK-type methods, a crucial technique associated with orthogonal 

polynomial expansion is fully utilized. 

 

The classical continuous Runge–Kutta methods are widely applied to compute the numerical 

solutions of delay differential equations without impulsive perturbations. At the same time, the 

classical continuous Runge–Kutta methods cannot be applied directly to impulsive delay 

differential equations. The reason behind that the exact solutions of the impulsive delay 

differential equations are not continuous. In [3] study they impulsive continuous Runge–Kutta 

methods which are constructed for impulsive delay differential equations with the variable 

delay based on the theory of continuous Runge–Kutta methods, convergence of the constructed 

numerical methods is studied and some numerical applications are illustrated to confirm the 

theoretical results. 

 

In [4] study under the title Higher-order additive Runge-Kutta schemes for ordinary differential 

equations, the authors deal with two new implicit–explicit, additive Runge–Kutta methods are 

given with fourth-and fifth-order formal accuracies, respectively. Both methods are in [4]. Both 

methods are combining explicit Runge–Kutta methods with explicit, singly-diagonally implicit 

Runge–Kutta methods and include an embedded method for error control. Both methods have 

only modestly negative eigenvalues to the stage and step algebraic-stability matrices and have 

stage-order two. The improvement of both is concluded that it is much of the extra 

computational cost of an extra stage by facilitating iterative convergence at each stage. Linear 

stability domains for both methods have been made quite large and the dominant coupling 

stability term between them. As well, the fourth-order method is one of the best, which the 

authors are aware. The fifth-order method is likely best suited to mildly stiff problems with tight 

error tolerances. The methods were tested and the results obtained. Both investigated methods 

represent an improvement over existing methods of the same class. 
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ADAMS METHOD 

 

The numerical solutions of initial problems are found using the technique known as the Adams 

method [5]. The authors considered the numerical solution of the fractional order epidemic 

model on long time intervals of a non-fatal disease in a population. In their study [5], the authors 

considered the use of implicit fractional linear multistep methods of Adams type. Finally, the 

authors [5] in their study they have presented numerical results. The effectiveness of this 

technique is helping for the treatment of problems based on its attractive properties and an 

efficient technique. The Adams method deals with the algebraic nonlinear systems. At the same 

time, the Adams method is a predictor-corrector and multi-step method. The principle behind 

using this method is the use of the past calculated values of the probabilities P(t) to build a 

polynomial that approximates the derivative function and extrapolate this into the next interval 

[6]. The authors in reference [6] proposed a new numerical-Adams method. This method helps 

in solving uncertain differential equations. The applications in their study illustrate some 

practical results illustrating the efficiency of numerical method. Two numerical practical 

methods calculating the extreme value for the ordinary differential equations. 

 

The general formula of Adams method is as follows: 
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where 

ti-3 < 1ξ  , 2ξ < ti+1 

elimination of error terms gives the formula 
270/})(251)(19{ 111 ciPii PPP +++ +=  

 

 

TWO-STATE MODEL 

 

The numerical solutions of two-state model representing generator passing through two-states 

(Fig.1). In this case, the power generator is passing through Up-State and Down-State. This 

means the generator is operating and is failing, respectively. The model can be represented by 

the following differential equations: 

 

������

��
�	- λ P1(t) + µ P2(t)      (1) 

 

��	���

��
�	  λ P1(t) - µ P2(t)      (2) 
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Both methods are applied to calculate the transient probabilities for the considered system. 

Assuming that the initial probabilities for the model are 
��� � 0� � 1 and 
��� � 0� � 0.	The 

results are obtained using the Runge-Kutta method and the results illustrated in Fig. (2), where 

the results for the Adams are shown in Fig. (3). Finally, Table (1) records the results obtained 

by curve fitting for the probabilities obtained by both Runge-Kutta and Adams methods. The 

models summarized in Table (1) are recommended to calculate the transient and steady state 

probabilities for two-state model. 

 

 

 
 

 

 

 

 

 

Fig. (1)  Two-States Model 

 

 

 

Fig. (2) Two-State Model Results Using Runge-Kutta Method 
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Fig. (3) Two-State Model Results Using Adams Method 

 

 

 

The curve fitting technique is applied on both methods used to find out the transient 

probabilities for the two-state model. The results are illustrated in figure (2) using the Runge-

Kutta method, and figure (3) using Adams method. The suitable equations for both methods are 

summarized in Table (1). 

 

 

Table (1) Two-State Results Curve Fitting,  � � � � �	���� 

Method Probability a b c 
Runge

-Kutta 
1 0.7999955±0.000005142 0.2000096±0.00002047 0.948314±0.000219 

2 0.2000045±0.000005142 -0.2000096±0.00002047 0.948314±0.000219 

Adams 1 0.7996066±0.0003309 0.2007632±0.001368 1.236986±0.02122 

2 0.2003934±0.0003309 -0.2007631±0.001368 1.236985±0.02122 

 

 

 

 

 

 

THREE-STATE MODEL 

Assuming that two identical generators considered as shown in Fig. (4) [7, 8].  
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Fig. (4) Three-States Model as Two Identical Generators Case 

 

Where each failure rate is defined as (λ) and their repairing rates are (µ). The three states are 

defined as follow: 

 

S1: Both generators are working 

S2: One generator is working and the other is failed 

S2: S1: Both generators are failed 

The model can be represented by the following differential equations: 

������

��
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� 2	�	
���� � �μ	 � 	��
���� � 2	μ	
����    (4) 

������

��
� 	�	
���� � 2	μ	
����       (5) 

 

The transient probabilities of the three-state model are: 
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CONCLUSION 
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The numerical solution of different state models in the electric power systems are must. The 

numerical methods are applied in order to keep the solution of the ordinary differential 

equations. The computational effort necessary to solve problems of different size. Moreover, 

the present study shows both used numerical methods (Fourth-Order Runge-Kutta and Adams 

methods) to calculate the transient and steady state probabilities. Furthermore, the models are 

investigated and derived to make the future transient probabilities easily found. 
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SUMMARY 

 

In recent years several major modern optimization techniques have been applied to the electric 

power systems. A large number of articles and reports have been published. The electric 

power systems operating reliability criteria and methods are needed by many utility 

companies. The reason behind that is the impact of transient states probabilities on plant 

economy. The transient probabilities indicate the performance of electric power system plants 

from start-up until a power plant reaches the steady state. The electric power system or even 

any other system, the transient probabilities that the system is passing through over its running 

history are necessary. Calculating the state probabilities of any system need a number of 

indices, some of these are the repair and failure rates of the system. Both coefficients are 

needed to form the transition rate matrix of the system. The transient state probabilities are 

calculated with an efficient method. Some of these methods are used in the present research. 

These are the fourth-order Runge-Kutta method and the Adams method. A number of 

examples related to real data are used and tested. In addition, applying both methods help to 

describe the behaviors of electric-power stations under test. A number of models are formed 

and tested. The comparison between the systems availability and unavailability for the tested 

state systems models using both methods are investigated. 
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INTRODUCTION 

 

The ordinary differential equations are solved using numerical solutions. The numerical 

solutions are used in the engineering problems research.  The efficient solution to the ordinary 

differential equations representing the engineering system are illustrating the behavior of the 

system. The behavior of the system is shown through period that the system is passing through. 

At the end, the accuracy of the solution is shown with a certain accuracy and efficiency.  

 
 

FOURTH-ORDER RUNGE-KUTTA METHOD 

 

The Runge-Kutta method was introduced as the fourth-order method which is widely used in 

many research application [1], where the German mathematicians Carl Runge (1856-1927) and 

Wilhelm Kutta (1867-1944) developed the method. The computers used nowadays to fasten the 

results to be found. This means that the reason behind using the computer is the computation 

speed, precision and relatively large interval of stability [2]. The algorithms for the method 

popularly known simply as Rung-Kutta method which can be written as follows: 
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Where: 

 i is the i iteration number (i = 1 to n) 

 j is the function number (j= 1 to N) 

 i and j are integers 

 ti = t0 + i-h 

 

In [2] study, the author developed two ways to construct Runge-Kutta type methods of 

randomly high order. In the construction of Runge-Kutta type methods, a critical technique 

associated with orthogonal polynomial expansion is applied. By using this approach, the author 
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note that there was no need to study the simple solution of multivariable nonlinear algebraic 

equations restricting from order conditions. The author [2] provides a note on continuous-stage 

Runge–Kutta methods for solving initial value problems of first-order ordinary differential 

equations. These investigated methods are interesting and creative extension of traditional 

Runge–Kutta methods, it can enlarge the application of ist approximation theory in modern 

mathematics and engineering fields. A highlighted advantage of investigation of continuous-

stage Runge–Kutta methods that it does not need to study the tedious solution of multivariable 

nonlinear algebraic equations associated with order conditions. At the same time, the author 

review, discuss and further promote the recently developed continuous-stage Runge–Kutta 

theory. In the construction of RK-type methods, a crucial technique associated with orthogonal 

polynomial expansion is fully utilized. 

 

The classical continuous Runge–Kutta methods are widely applied to compute the numerical 

solutions of delay differential equations without impulsive perturbations. At the same time, the 

classical continuous Runge–Kutta methods cannot be applied directly to impulsive delay 

differential equations. The reason behind that the exact solutions of the impulsive delay 

differential equations are not continuous. In [3] study they impulsive continuous Runge–Kutta 

methods which are constructed for impulsive delay differential equations with the variable 

delay based on the theory of continuous Runge–Kutta methods, convergence of the constructed 

numerical methods is studied and some numerical applications are illustrated to confirm the 

theoretical results. 

 

In [4] study under the title Higher-order additive Runge-Kutta schemes for ordinary differential 

equations, the authors deal with two new implicit–explicit, additive Runge–Kutta methods are 

given with fourth-and fifth-order formal accuracies, respectively. Both methods are in [4]. Both 

methods are combining explicit Runge–Kutta methods with explicit, singly-diagonally implicit 

Runge–Kutta methods and include an embedded method for error control. Both methods have 

only modestly negative eigenvalues to the stage and step algebraic-stability matrices and have 

stage-order two. The improvement of both is concluded that it is much of the extra 

computational cost of an extra stage by facilitating iterative convergence at each stage. Linear 

stability domains for both methods have been made quite large and the dominant coupling 

stability term between them. As well, the fourth-order method is one of the best, which the 

authors are aware. The fifth-order method is likely best suited to mildly stiff problems with tight 

error tolerances. The methods were tested and the results obtained. Both investigated methods 

represent an improvement over existing methods of the same class. 
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ADAMS METHOD 

 

The numerical solutions of initial problems are found using the technique known as the Adams 

method [5]. The authors considered the numerical solution of the fractional order epidemic 

model on long time intervals of a non-fatal disease in a population. In their study [5], the authors 

considered the use of implicit fractional linear multistep methods of Adams type. Finally, the 

authors [5] in their study they have presented numerical results. The effectiveness of this 

technique is helping for the treatment of problems based on its attractive properties and an 

efficient technique. The Adams method deals with the algebraic nonlinear systems. At the same 

time, the Adams method is a predictor-corrector and multi-step method. The principle behind 

using this method is the use of the past calculated values of the probabilities P(t) to build a 

polynomial that approximates the derivative function and extrapolate this into the next interval 

[6]. The authors in reference [6] proposed a new numerical-Adams method. This method helps 

in solving uncertain differential equations. The applications in their study illustrate some 

practical results illustrating the efficiency of numerical method. Two numerical practical 

methods calculating the extreme value for the ordinary differential equations. 

 

The general formula of Adams method is as follows: 
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where 

ti-3 < 1ξ  , 2ξ < ti+1 

elimination of error terms gives the formula 
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TWO-STATE MODEL 

 

The numerical solutions of two-state model representing generator passing through two-states 

(Fig.1). In this case, the power generator is passing through Up-State and Down-State. This 

means the generator is operating and is failing, respectively. The model can be represented by 

the following differential equations: 
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�	- λ P1(t) + µ P2(t)      (1) 
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�	  λ P1(t) - µ P2(t)      (2) 
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Both methods are applied to calculate the transient probabilities for the considered system. 

Assuming that the initial probabilities for the model are 
��� � 0� � 1 and 
��� � 0� � 0.	The 

results are obtained using the Runge-Kutta method and the results illustrated in Fig. (2), where 

the results for the Adams are shown in Fig. (3). Finally, Table (1) records the results obtained 

by curve fitting for the probabilities obtained by both Runge-Kutta and Adams methods. The 

models summarized in Table (1) are recommended to calculate the transient and steady state 

probabilities for two-state model. 

 

 

 
 

 

 

 

 

 

Fig. (1)  Two-States Model 

 

 

 

Fig. (2) Two-State Model Results Using Runge-Kutta Method 
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Fig. (3) Two-State Model Results Using Adams Method 

 

 

 

The curve fitting technique is applied on both methods used to find out the transient 

probabilities for the two-state model. The results are illustrated in figure (2) using the Runge-

Kutta method, and figure (3) using Adams method. The suitable equations for both methods are 

summarized in Table (1). 

 

 

Table (1) Two-State Results Curve Fitting,  � � � � �	���� 

Method Probability a b c 
Runge

-Kutta 
1 0.7999955±0.000005142 0.2000096±0.00002047 0.948314±0.000219 

2 0.2000045±0.000005142 -0.2000096±0.00002047 0.948314±0.000219 

Adams 1 0.7996066±0.0003309 0.2007632±0.001368 1.236986±0.02122 

2 0.2003934±0.0003309 -0.2007631±0.001368 1.236985±0.02122 

 

 

THREE-STATE MODEL 

Assuming that two identical generators considered as shown in Fig. (4) [7, 8].  
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Fig. (4) Three-States Model as Two Identical Generators Case 

 

Where each failure rate is defined as (λ) and their repairing rates are (µ). The three states are 

defined as follow: 

 

S1: Both generators are working 

S2: One generator is working and the other is failed 

S2: S1: Both generators are failed 

The model can be represented by the following differential equations: 
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The transient probabilities of the three-state model are: 
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CONCLUSION 

 

The numerical solution of different state models in the electric power systems are must. The 

numerical methods are applied in order to keep the solution of the ordinary differential 

equations. The computational effort necessary to solve problems of different size. Moreover, 

the present study shows both used numerical methods (Fourth-Order Runge-Kutta and Adams 

methods) to calculate the transient and steady state probabilities. Furthermore, the models are 

investigated and derived to make the future transient probabilities easily found. 
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SUMMARY: 

Insertion of series compensation in heavily loaded transmission lines is essential to enhance 

system stability, reduce system losses, and increase loading capability. One of the disadvantages 

facing previous advantages affecting  Distance Relay (DR) setting which need to be adjusted 

according to compensation level to operate desirably.  

This paper proposes interactive Supervisory Control and Data Acquisition system (SCADA) 

introduced to cover the setting and coordination of protection scheme with the compensation 

system, this control system based on central station setting execution using DIgSILENT power 

factory program as protection coordination assistant, and reflect executed settings to DR through 

communication network. Research is promoting by practical representation of SCADA system 

using WinCC, and SIMATIC manger programs. Finally applied technique make protection system 

more convenient and reliable with optimal tripping time.     
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1111.... IntroductionIntroductionIntroductionIntroduction    

Series  capacitor  banks  are  frequently  inserted  in  long  power  lines  to  reduce their 

total  impedance,  thereby  permitting  the  transmission  of  more  power  with less loss, reduce 

voltage drop, increase  system  stability  limits[1], and provide better load division on parallel 

transmission lines. The impedance value of a series capacitor is typically 25–75 % of the line 

impedance [2]. Nowadays some techniques depends on variable structure series compensation for 

improving voltage stability of power systems in case of emergency state as issued in [3]. To get 

benefit from series compensation it is necessary to overcome problems raised by series capacitor 

in distance protection scheme which are discussed in detail in [4].  

 

Distance relay basically determines the line impedance by comparing the voltage and 

current values, if the measured impedance value of relay is smaller than the previously entered 

relay zone setting then relay operates and generates trip signal [5, 6]. Presence of series 

compensation operation variety in the relay path obstruct the impedance value read by DR. 

An improved approach or setting the protection zone of distance relay in line with series 

compensation is important concern to make DRs diagnosis the fault correct with fast of response 

and minimum disturbance [2, 7-9]. Reach settings for the zones of protection with respect to some 

of the typical problems and adaptive approach have been discussed and presented in [10-13] which 

are considering the improvement of the relay algorithms used for evaluation DR settings.  

In this paper scheme is achieve the required in two stages. First stage, protection 

coordination assistance in DIgSILENT power factory program as authored program reference to 

[11, 14] is used to determine the DR settings according to selected path of the network and 

accordingly change in network topology, all consideration are listed and mentioned in [15], in 

literature review use an fully cycle Fourier algorithm to check dynamic settings of the relay 

according to compensation level [10], there are articles focuses on the problem of the over reach 

in series compensated transmission lines use [16], other paper proposes a new digital distance 

relaying algorithm for first-zone protection for series compensated double-circuit transmission 

lines. The new method uses data from one end of the protected double-circuit lines to calculate the 

fault distance as illustrated in [17].  

   Second stage, the proposed scheme enhances DRs performance through interactive control 

system which is performed interaction between all power system network components, in brief 

SCADA sends correct settings to the protection device consequently with the level of series 

compensation. A SCADA system consists from programmable logic controllers (PLC) 

communicates with all protection devices and network topology status and sends/Receives data 

with master station via a communication system [18]. The master station works as interactive 

control system based on DIgSILENT power factory protection coordination results to enhance the 

relay performance, these results to be sent to protection devices. The literature review of this part 

is practicable for under frequency protection scheme for Kinmen Power System in Taiwan as 

published in [8]. 

In consequence, accumulating between coordination setting and make it dependable on 

changing of the network topology or changing in line compensation steps or variable structure 

characteristics with considering communication network as backbone for exchange data makes 

system more reliable and secure to take actions and integrated with each other. 

To make this solution practicable for distance relaying protection there are some requirements 

shall be covered beside the proposed scheme, system should have numerical relays capable to 

connect with communication network to  send/receive all data through interactive control system 

proposed. Secured communication network as physical link between system devices which needs 

a lot of expenses versus improving system performance but can be used for other system 

requirements such as automatic load sharing and applying automatic economical dispatch between 

stations and zones of electrical network.    

2222.... Case study scheme Case study scheme Case study scheme Case study scheme     

The sequence of evaluating work could be explained as shown in fig. 1, study network 

model is shown in fig. 2, summarized as following:  
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The single-line diagram shown here represents a three phase, 60 Hz, 735 kV power system 

transmitting power from a power plant consisting of six 350 MVA generators, No. of 2-w Trfs 1, 

No. of 3-w Trfs 1, No. of Bus bars 3, 600 km transmission line, each line has Series capacitor 

banks and 330MVar shunt reactor on both the lines are similar, loads 100 MW, 250 MW, line 

parameters are shown in table 1. This model is realistic power system in MATLAB/SIMULINK 

platform, and work done with same parameters on DIgSILENT power factory program.  

TABLE I.  LINE PARAMETERS FOR NETWORK UNDER CASE STUDY  

Parameter Value   Unit 

R 0.01273 Ohm/Km 

L 0.9337x10-3 Henry /Km 

C 12.74x10-9 Farad/Km 

2.1 Propsed scheme for protection technique 

The proposed scheme is selecting between two modes of operation local (in this mode DR 

parameters is set manually in case of communication between control racks fail) or remote setting 

through SCADA, all network parameters are read such as line parameter and compensation level, 

then central station protection coordination assistant based on DIgSILENT program execute 

optimal DR settings then go back written in DR control rack. For any variety in compensation level 

in network DR parameters are being updated according interaction between SCADA system 

control racks.  
 

 
 

Fig 1 Proposed protection scheme flow chart 
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Fig 2 Electrical network model 

 
 

2.2 Cases study  and performance evalution  
 

Polygon distance protection relay is configured on line 2_1 at bus3, two cases are studied to 

illustrate these variations and its corresponding zone settings applied on path Bus2_Bus3 according 

to path of the selected transmission line as shown in fig. 2. First case, DR performance when zone 

1 faulty with variety of compensation. Second case, DR performance when zone 2 faulty with 

variety of compensation. In section III same studies in practical part.  

 

1) Case 1, in case of 40% compensation through the protected path:  

• performing short circuit at 80% of the line 2, tripping signal came out correctly 

according to tripping time of zone1 which equal 0.04 sec measuring and pick up times, 

as shown in fig. 3. Units of axis’s in ohm.   

• performing short circuit at 90% the line 2, tripping signal came out correctly according 

to tripping time of zone2 which equal 0.39sec measuring and pick up times, as shown 

in fig. 4. 

• On the other hand, if the setting not updated or the proposed scheme not applied, all of 

these led to backup protection trip at (2.02 sec) is operated without optimal operation 

of DR. Figure 5 shows the DR performance when SC applied at 80 of the line when DR 

setting is accordingly 0% compensation.   

   

2) Case 2, in case of 60% compensation through the protected path:  

• performing short circuit at 80% of the line 2, tripping signal came out correctly 

according to tripping time of zone1 which equal 0.04 sec measuring and pick up times, 

as shown in fig. 6.   

• performing short circuit at 90% the line 2, tripping signal came out correctly according 

to tripping time of zone2 which equal 0.39 sec measuring and pick up times, as shown 

in fig. 7. 

• On the other hand, if the setting not updated or the proposed scheme not applied, all of 

these led to backup protection trip at (2.02 sec) is operated without optimal operation 

of DR. fig. 8 shows the DR performance when SC applied at 80 of the line when DR 

setting is accordingly 40% compensation.  
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Fig 3 R-X plot for case 1at 40 % compensation, SC at 80% 
 

 
Fig 4 R-X plot for case 1at 40 % compensation, SC at 90% 

 

 
 

Fig 5 R-X plot for case 1at 40 % compensation, SC at 80%, when 0% setting still active 
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Fig 6 R-X plot for case 1at 60 % compensation, SC at 80% 

 

 
Fig 7 R-X plot for case 1at 60 % compensation, SC at 90% 

 

 
 

Fig 8 R-X plot for case 1at 60 % compensation, SC at 80%, when 40% setting still active 

3333.... Proposed practical system configuration and results Proposed practical system configuration and results Proposed practical system configuration and results Proposed practical system configuration and results     

A practical modeling for the proposed scheme shown in fig. 1, represented by Siemens 

hardware and software packages. 
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3.1 Hardware configuration  

Three Programmable Logic Controllers S7_313C-2DP racks are used. One as controller 

for series compensation, one as Slave DR, and master rack reads the DIgSILENT output 

coordination results, and communicates with two other Slaves DR and series 

compensation(S.Comp.). Laptop is used as server, plus programming device. NetPro 

communication network Configuration is illustrated in  

fig. 9. 

3.2 Softwares  

PLC programmed by SIMATIC STEP 7 V5.5 tools, SCADA station programmed by 

WinCC V7.0 tools.  

3.3 Practical results visualization  

The practical results depend on the output coordination results from DIgSILENT program 

which are the actual data sent by master PLC to slave (DR) according data read from slave series 

compensation, simulation results from WinCC actual rum time screen shown in  

•••• Fig. 10, SCADA harmony without compensation. 

•••• DR congruence its settings accordingly with the compensation level 40% to update DR 

settings according to value, as shown in fig. 11 

•••• Fig. 12, Confirms SCADA capability to enhance the DR performance through applied 

technique in compensation level 60%. 

•••• Finally, in case of any fault occurs the system keeps its values until any feedback updated 

comes from the series compensation rack as shown in fig. 13.  
 

 

 
 

 
 

 

Fig 9 SCADA hardware configuration in Step7- NetPro 
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Fig 10 Practical SCADA visualization of DR setting at 0 % compensation 

 

 

 

        Fig 11 Practical SCADA visualization of DR setting at 40 % compensation 

 

 

                Fig 12 Practical SCADA visualization of DR setting at 60 % compensation 
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  Fig 13 Practical SCADA visualization of DR setting at 60 % compensation, SC at the line occurs 

 
 

 

4444.... conclusion conclusion conclusion conclusion     

Distance protection new scheme for series compensated transmission line is presented here. 

Update DR settings according to network changes is one of most important factors to reduce 

undesirable operation of the protection system. Automatic adjusting of distance relay settings 

through authorized program decreased mistakes made by human experience which may led to 

undesirable operations. 

The proposed scheme illustrates a highly activities done by Central SCADA system used for 

sending data to DRs which added many features. One of them made DR operated accurately in 

series compensated transmission lines as achieved in this paper. 
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SUMMARY: 

Insertion of series compensation in heavily loaded transmission lines is essential to enhance 

system stability, reduce system losses, and increase loading capability. One of the disadvantages 

facing previous advantages affecting  Distance Relay (DR) setting which need to be adjusted 

according to compensation level to operate desirably.  

This paper proposes interactive Supervisory Control and Data Acquisition system (SCADA) 

introduced to cover the setting and coordination of protection scheme with the compensation 

system, this control system based on central station setting execution using DIgSILENT power 

factory program as protection coordination assistant, and reflect executed settings to DR through 

communication network. Research is promoting by practical representation of SCADA system 

using WinCC, and SIMATIC manger programs. Finally applied technique make protection system 

more convenient and reliable with optimal tripping time.     
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1111.... IntroductionIntroductionIntroductionIntroduction

Series  capacitor  banks  are  frequently  inserted  in  long  power  lines  to  reduce their

total  impedance,  thereby  permitting  the  transmission  of  more  power  with less loss, reduce 

voltage drop, increase  system  stability  limits[1], and provide better load division on parallel 

transmission lines. The impedance value of a series capacitor is typically 25–75 % of the line 

impedance [2]. Nowadays some techniques depends on variable structure series compensation for 

improving voltage stability of power systems in case of emergency state as issued in [3]. To get 

benefit from series compensation it is necessary to overcome problems raised by series capacitor 

in distance protection scheme which are discussed in detail in [4].  

Distance relay basically determines the line impedance by comparing the voltage and 

current values, if the measured impedance value of relay is smaller than the previously entered 

relay zone setting then relay operates and generates trip signal [5, 6]. Presence of series 

compensation operation variety in the relay path obstruct the impedance value read by DR. 

An improved approach or setting the protection zone of distance relay in line with series 

compensation is important concern to make DRs diagnosis the fault correct with fast of response 

and minimum disturbance [2, 7-9]. Reach settings for the zones of protection with respect to some 

of the typical problems and adaptive approach have been discussed and presented in [10-13] which 

are considering the improvement of the relay algorithms used for evaluation DR settings.  

In this paper scheme is achieve the required in two stages. First stage, protection 

coordination assistance in DIgSILENT power factory program as authored program reference to 

[11, 14] is used to determine the DR settings according to selected path of the network and 

accordingly change in network topology, all consideration are listed and mentioned in [15], in 

literature review use an fully cycle Fourier algorithm to check dynamic settings of the relay 

according to compensation level [10], there are articles focuses on the problem of the over reach 

in series compensated transmission lines use [16], other paper proposes a new digital distance 

relaying algorithm for first-zone protection for series compensated double-circuit transmission 

lines. The new method uses data from one end of the protected double-circuit lines to calculate the 

fault distance as illustrated in [17].  

Second stage, the proposed scheme enhances DRs performance through interactive control 

system which is performed interaction between all power system network components, in brief 

SCADA sends correct settings to the protection device consequently with the level of series 

compensation. A SCADA system consists from programmable logic controllers (PLC) 

communicates with all protection devices and network topology status and sends/Receives data 

with master station via a communication system [18]. The master station works as interactive 

control system based on DIgSILENT power factory protection coordination results to enhance the 

relay performance, these results to be sent to protection devices. The literature review of this part 

is practicable for under frequency protection scheme for Kinmen Power System in Taiwan as 

published in [8]. 

In consequence, accumulating between coordination setting and make it dependable on 

changing of the network topology or changing in line compensation steps or variable structure 

characteristics with considering communication network as backbone for exchange data makes 

system more reliable and secure to take actions and integrated with each other. 

To make this solution practicable for distance relaying protection there are some requirements 

shall be covered beside the proposed scheme, system should have numerical relays capable to 

connect with communication network to  send/receive all data through interactive control system 

proposed. Secured communication network as physical link between system devices which needs 

a lot of expenses versus improving system performance but can be used for other system 

requirements such as automatic load sharing and applying automatic economical dispatch between 

stations and zones of electrical network. 

2222.... Case study schemeCase study schemeCase study schemeCase study scheme

The sequence of evaluating work could be explained as shown in fig. 1, study network

model is shown in fig. 2, summarized as following: 
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The single-line diagram shown here represents a three phase, 60 Hz, 735 kV power system 

transmitting power from a power plant consisting of six 350 MVA generators, No. of 2-w Trfs 1, 

No. of 3-w Trfs 1, No. of Bus bars 3, 600 km transmission line, each line has Series capacitor 

banks and 330MVar shunt reactor on both the lines are similar, loads 100 MW, 250 MW, line 

parameters are shown in table 1. This model is realistic power system in MATLAB/SIMULINK 

platform, and work done with same parameters on DIgSILENT power factory program.  

TABLE I.  LINE PARAMETERS FOR NETWORK UNDER CASE STUDY 

Parameter Value   Unit 

R 0.01273 Ohm/Km 

L 0.9337x10-3 Henry /Km 

C 12.74x10-9 Farad/Km 

2.1 Propsed scheme for protection technique 

The proposed scheme is selecting between two modes of operation local (in this mode DR 

parameters is set manually in case of communication between control racks fail) or remote setting 

through SCADA, all network parameters are read such as line parameter and compensation level, 

then central station protection coordination assistant based on DIgSILENT program execute 

optimal DR settings then go back written in DR control rack. For any variety in compensation level 

in network DR parameters are being updated according interaction between SCADA system 

control racks.  
 

 
 

Fig 1 Proposed protection scheme flow chart 
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Fig 2 Electrical network model 

 
 

2.2 Cases study  and performance evalution  
 

Polygon distance protection relay is configured on line 2_1 at bus3, two cases are studied to 

illustrate these variations and its corresponding zone settings applied on path Bus2_Bus3 according 

to path of the selected transmission line as shown in fig. 2. First case, DR performance when zone 

1 faulty with variety of compensation. Second case, DR performance when zone 2 faulty with 

variety of compensation. In section III same studies in practical part.  

 

1) Case 1, in case of 40% compensation through the protected path:  

• performing short circuit at 80% of the line 2, tripping signal came out correctly 

according to tripping time of zone1 which equal 0.04 sec measuring and pick up times, 

as shown in fig. 3. Units of axis’s in ohm.   

• performing short circuit at 90% the line 2, tripping signal came out correctly according 

to tripping time of zone2 which equal 0.39sec measuring and pick up times, as shown 

in fig. 4. 

• On the other hand, if the setting not updated or the proposed scheme not applied, all of 

these led to backup protection trip at (2.02 sec) is operated without optimal operation 

of DR. Figure 5 shows the DR performance when SC applied at 80 of the line when DR 

setting is accordingly 0% compensation.   

   

2) Case 2, in case of 60% compensation through the protected path:  

• performing short circuit at 80% of the line 2, tripping signal came out correctly 

according to tripping time of zone1 which equal 0.04 sec measuring and pick up times, 

as shown in fig. 6.   

• performing short circuit at 90% the line 2, tripping signal came out correctly according 

to tripping time of zone2 which equal 0.39 sec measuring and pick up times, as shown 

in fig. 7. 

• On the other hand, if the setting not updated or the proposed scheme not applied, all of 

these led to backup protection trip at (2.02 sec) is operated without optimal operation 

of DR. fig. 8 shows the DR performance when SC applied at 80 of the line when DR 

setting is accordingly 40% compensation.  

 



 
 

Cigre Egypt 2019 

113 

 

 

 
 

Fig 3 R-X plot for case 1at 40 % compensation, SC at 80% 
 

 
Fig 4 R-X plot for case 1at 40 % compensation, SC at 90% 

 

 
 

Fig 5 R-X plot for case 1at 40 % compensation, SC at 80%, when 0% setting still active 
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Fig 6 R-X plot for case 1at 60 % compensation, SC at 80% 

 

 
Fig 7 R-X plot for case 1at 60 % compensation, SC at 90% 

 

 
 

Fig 8 R-X plot for case 1at 60 % compensation, SC at 80%, when 40% setting still active 

3333.... Proposed practical system configuration and results Proposed practical system configuration and results Proposed practical system configuration and results Proposed practical system configuration and results     

A practical modeling for the proposed scheme shown in fig. 1, represented by Siemens 

hardware and software packages. 

 

 



 
 

Cigre Egypt 2019 

115 

 

 

3.1 Hardware configuration  

Three Programmable Logic Controllers S7_313C-2DP racks are used. One as controller 

for series compensation, one as Slave DR, and master rack reads the DIgSILENT output 

coordination results, and communicates with two other Slaves DR and series 

compensation(S.Comp.). Laptop is used as server, plus programming device. NetPro 

communication network Configuration is illustrated in  

fig. 9. 

3.2 Softwares  

PLC programmed by SIMATIC STEP 7 V5.5 tools, SCADA station programmed by 

WinCC V7.0 tools.  

3.3 Practical results visualization  

The practical results depend on the output coordination results from DIgSILENT program 

which are the actual data sent by master PLC to slave (DR) according data read from slave series 

compensation, simulation results from WinCC actual rum time screen shown in  

•••• Fig. 10, SCADA harmony without compensation. 

•••• DR congruence its settings accordingly with the compensation level 40% to update DR 

settings according to value, as shown in fig. 11 

•••• Fig. 12, Confirms SCADA capability to enhance the DR performance through applied 

technique in compensation level 60%. 

•••• Finally, in case of any fault occurs the system keeps its values until any feedback updated 

comes from the series compensation rack as shown in fig. 13.  
 

 

 
 

 
 

 

Fig 9 SCADA hardware configuration in Step7- NetPro 
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Fig 10 Practical SCADA visualization of DR setting at 0 % compensation 

 

 

 

        Fig 11 Practical SCADA visualization of DR setting at 40 % compensation 

 

 

                Fig 12 Practical SCADA visualization of DR setting at 60 % compensation 
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  Fig 13 Practical SCADA visualization of DR setting at 60 % compensation, SC at the line occurs 

 
 

 

4444.... conclusion conclusion conclusion conclusion     

Distance protection new scheme for series compensated transmission line is presented here. 

Update DR settings according to network changes is one of most important factors to reduce 

undesirable operation of the protection system. Automatic adjusting of distance relay settings 

through authorized program decreased mistakes made by human experience which may led to 

undesirable operations. 

The proposed scheme illustrates a highly activities done by Central SCADA system used for 

sending data to DRs which added many features. One of them made DR operated accurately in 

series compensated transmission lines as achieved in this paper. 
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1. Introduction 

Power angle is a result of power flow and is affected by the power generated and load power distribution. i.e. 

as load increased on a zone, the power angle on this zone decreased and as the generation increased the power 

angle increased so the power angle is reflection of the balance between generation and load (generation load 

distribution). 

1.1 System Description 

The system under study is the Egyptian power transmission network this network different voltage levels 

(500,220,132, 66, ….) KV. 

 

The Single Line Diagram of the Egyptian Unified Power Network is shown in Fig.1 

The 500, 220 KV SLD Ring System Zone focused under Study is shown in fig.2 

The most generation is connected on EHV network (500-220 KV) and the 66 kv network is considered as a 

redial network so it can be represented as a local concentrated load at 220 kv substation which connected. 

As the result of the geographical of Egypt the network is considered as a radial long network from upper 

Egypt (Aswan) to Cairo and then become meshed network at the delta zone. 

The main load is concentrated at Nag Ham substation which contains four 500/220 KV, 375MVA Tr’s and 

four 500/132 KV 285MVA Tr’s in addition to two 220/66 KV 125MVA Tr’s. 

The upper Egypt zone has no generation enough to service the zone load so power come from north Egypt 

through the 500,220 KV power lines. 

The Suez golf zone is also considered as a radial network which has zaf1 wind power plant connected 

through 220 kv double cct line from soukhna and zaf2 wind power plant connected through 220 kv double 

cct line from zaf1 and G. Zet wind power plant connected through 220 kv double cct line from zaf2. 

Also Safaga and Hurgada substations are considered as a radial system but it feed through 220 KV double 

CCT from South-Quna 220 KV substation. 
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Fig.1The Single Line Diagram of the Egyptian Unified Power Network 
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1.2 Problem statement 

As the result of the network reality and the generation load distribution Avery high angle is appeared between 

Hurgada 220 KV bus and G.Zet 220KV bus so, connection of the new line Hurgada/G.Zet 220KV Line can’t 

be achieved and disable to achieve a ring system. 

1.3 Power flow impact on phase shift 

Consider a single transmission line connecting two buses, as shown in fig.2 

P12 

PL2 PL1 

jx12 

V2 V1 

P2 P1 

 

 

An approximated relation for power flow from bus 1 to bus 2 P12 is: 

( ) 221121

12

21

12 sin PPPP
x

VV
P LL −=−=−= θθ  

where, 

V1, V2 are the voltage Magnitude at buses 1 and 2 respectively 

θ1 and θ2 are the angles of the voltage phasors at buses 1 and 2 respectively 

P1, P2 the generation power at buses1 and 2 respectively. 

PL1, PL2 the load power at buses 1 and 2 respectively. 

X12 is the transmission line between bus1, 2 impedance 

From the above equation the power angle between two buses depends on the power transfer from bus 1 to bus 2 

which is depends on the load generation distribution between bus 1 and bus 2 

So to minimize the power angle between two buses could be by redistribution the generation (increase P2 and 

decrease P1) or redistribution the load (transfer part of PL2 to PL1) or do a mix between both. 

 

 

 

 

 

 



Cigre Egypt2019 

122 

 

ig.2: The 500, 220 KV SLD Ring System Zone focused under Study 
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2. Methodology 

 

2.1 Phase Shift Angle Mitigation Methods 

From the above mentioned and applying on G.Zet/Hur connection problem, the power angle between two 

substations can be decreased by using the following methods: 

1) Redistribution the power generation of the Egyptian power network. 

2) Redistribution the load in the connection zone by change the connection point to safaga instead of 

hurgada. 

3) Mix between the above two methods. 

4) Install a new external series component which can decrease the power angle (ex: PST, HVDC Link or 

UPFC). 

 

2.2 Proposed Method 

As the forth method is more expensive compared to other methods and furthermore causes harmonics and 

losses so, the best method is the third method. 

2.3 Case study selection criteria 

To represent the load behavior at all network substation cases can be taken at: 

1) Middle day on the week (Min, Day, Night peak cases). 

2) Last day on the week (Min, Day, Night peak cases). 

3) Holiday on the week (Min, Day, Night peak cases). 

And apply the third method on each case to achieve the beast angle. 

3. Results 

3.1 Power angle at the selected cases 

 

Table 1 : Shows the power angle between two stations (Hurgada, G.Zet) at the selected cases. 
 

Min Day Peak 

Middle 

Week 

Day 

T.Gen.= 15.8 GW T.Gen.= 20.3 GW T.Gen.= 23.6 GW 

Ang.= 40 Ang.= 45.8 Ang.= 30.1 

Last Day 

on the 

Week 

T.Gen.= 15.9 GW T.Gen.= 20.3 GW T.Gen.= 23.4 GW 

Ang.= 50.8 Ang.= 47.5 Ang.= 42.3 

Holiday 

on the 

Week 

T.Gen.= 15.8 GW T.Gen.= 18.3 GW T.Gen.= 21.7 GW 

Ang.= 46.6 Ang.= 46.8 Ang.= 46 
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3.2 Impact of increase/decrease generation MW of power stations of selected cases 

Table 2 shows the impact of increase/decrease generation MW of power stations that change the power 

angle between two stations under study greater than 0.1 degree in different cases (Min., Day, Peak) of 

Middle Week day. 

Table 3 shows the impact of increase/decrease generation MW of power stations that change the power 

angle between two stations under study greater than 0.1 degree in different cases (Min., Day, Peak) of Last 

day on the Week. 

Table 4 shows the impact of increase/decrease generation MW of power stations that change the power 

angle between two stations under study greater than 0.1 degree in different cases (Min., Day, Peak) of 

Holiday of the Week. 

Table 2: The impact of increase/decrease generation MW of power stations on the power angle during middle week day  

Power 
Station 

Effect of 
Increase(+)/ 
Decrease(-) 
Generation 

Middle Week Day 

Min Day Peak 

15.8 GW 20.3 GW 23.6 GW 

Ang.= 40 Ang.= 45.8 Ang.= 30.1 

Angle Change Angle Change Angle Change 

High Dam +100 MW 37.8 -2.2 43.7 -2.1 28.2 -1.9 

A.Dam +100 MW 37.6 -2.4 43.4 -2.4 28.1 -2.0 

Walidia + 50  MW 39.3 -0.7 45.0 -0.8 29.1 -1.0 

W.Assyut +100 MW 38.4 -1.6 44.1 -1.7 28.6 -1.5 

Kurimate 1 +100 MW 39.9 -0.1 45.6 -0.2 30.0 -0.1 

Kurm 2&3 +100 MW 40.0 0.0 45.7 -0.1 30.1 0.0 

N.Giza +100 MW 39.9 -0.1 45.6 -0.2 30.0 -0.1 

Cairo West +100 MW 40.0 0.0 45.7 -0.1 30.0 -0.1 

Hurgada +100 MW 32.4 -7.6 36.7 -9.1 21.4 -8.7 

Zafarana 1 - 50  MW 38.8 -1.2 44.4 -1.4 28.8 -1.3 

Zafarana 2 - 50  MW 38.8 -1.2 44.4 -1.4 28.7 -1.4 

Gbl El Zet - 50  MW 37.4 -2.6 43.1 -2.7 27.4 -2.7 

Suz Boot -100 MW 38.5 -1.5 44.2 -1.6 28.5 -1.6 

Ataka -100 MW 39.8 -0.2 45.4 -0.4 29.8 -0.3 

Shabab -100 MW 39.9 -0.1 45.6 -0.2 30.0 -0.1 

Ein Sokhna -100 MW 39.9 -0.1 45.7 -0.1 30.1 0.0 

El Teben -100 MW 39.9 -0.1 45.5 -0.3 29.9 -0.2 

Cairo South -100 MW 40.0 0.0 45.7 -0.1 30.1 0.0 
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Table 3: The impact of increase/decrease generation MW of power stations on the power angle during last 

day on the week 

Power 

Station 

Effect of 

Increase(+)/ 

Decrease(-) 

Generation 

Last Day on the Week 

Min Day Peak 

15.9 GW 20.3 GW 23.4 GW 

Ang.= 50.8 Ang.= 47.5 Ang.= 42.3 

Angle Change Angle Change Angle Change 

High Dam +100 MW 48.2 -2.6 45.1 -2.4 40.2 -2.1 

A.Dam +100 MW 47.9 -2.9 44.9 -2.6 40.2 -2.1 

Walidia + 50  MW 50.1 -0.7 46.7 -0.8 41.6 -0.7 

W.Assyut +100 MW 48.8 -2.0 45.4 -2.1 40.6 -1.7 

Kurimate 1 +100 MW 50.8 0.0 47.4 -0.1 42.1 -0.2 

Kurm 2&3 +100 MW 50.8 0.0 47.5 0.0 42.2 -0.1 

N.Giza +100 MW 50.8 0.0 47.4 -0.1 42.1 -0.2 

Cairo West +100 MW 50.9 0.1 47.4 -0.1 42.2 -0.1 

Hurgada +100 MW 42.3 -8.5 37.0 -10.5 33.0 -9.3 

Zafarana 1 - 50  MW 49.6 -1.2 46.2 -1.3 40.9 -1.4 

Zafarana 2 - 50  MW 49.6 -1.2 46.2 -1.3 40.9 -1.4 

Gbl El Zet - 50  MW 48.3 -2.5 44.9 -2.6 39.7 -2.6 

Suz Boot -100 MW 52.4 1.6 45.9 -1.6 40.7 -1.6 

Ataka -100 MW 50.6 -0.2 47.2 -0.3 41.9 -0.4 

Shabab -100 MW 50.8 0.0 47.4 -0.1 42.2 -0.1 

Ein Sokhna -100 MW 50.9 0.1 47.5 0.0 42.2 -0.1 

El Teben -100 MW 50.7 -0.1 47.3 -0.2 42.0 -0.3 

Cairo South -100 MW 50.9 0.1 47.5 0.0 42.2 -0.1 
 

 Table 4: The impact of increase/decrease generation MW of power stations on the power angle Holiday of the week 

Power 
Station 

Effect of 
Increase(+)/ 
Decrease(-) 
Generation 

Holiday on the Week 

Min Day Peak 

15.8 GW 18.3 GW 21.7 GW 

Ang.= 46.6 Ang.= 46.8 Ang.= 46 

Angle Change Angle Change Angle Change 

High Dam +100 MW 44.0 -2.6 44.3 -2.5 43.2 -2.8 

A.Dam +100 MW 43.9 -2.7 44.0 -2.8 43.1 -2.9 

Walidia + 50  MW 45.7 -0.9 46.0 -0.8 45.1 -0.9 

W.Assyut +100 MW 44.5 -2.1 45.1 -1.7 43.6 -2.4 

Kurimate 1 +100 MW 46.4 -0.2 46.7 -0.1 45.8 -0.2 

Kurm 2&3 +100 MW 46.6 0.0 46.8 0.0 45.8 -0.2 

N.Giza +100 MW 46.4 -0.2 46.7 -0.1 45.8 -0.2 

Cairo West +100 MW 46.5 -0.1 46.7 -0.1 45.9 -0.1 

Hurgada +100 MW 46.7 0.1 47.0 0.2 36.7 -9.3 

Zafarana 1 - 50  MW 45.3 -1.3 45.5 -1.3 44.7 -1.3 

Zafarana 2 - 50  MW 45.2 -1.4 45.5 -1.3 44.7 -1.3 

Gbl El Zet - 50  MW 44.0 -2.6 44.2 -2.6 43.3 -2.7 

Suz Boot -100 MW 45.0 -1.6 45.3 -1.5 44.4 -1.6 

Ataka -100 MW 46.3 -0.3 46.5 -0.3 45.7 -0.3 

Shabab -100 MW 46.5 -0.1 46.7 -0.1 45.9 -0.1 

Ein Sokhna -100 MW 46.5 -0.1 46.8 0.0 46.0 0.0 

El Teben -100 MW 46.3 -0.3 46.7 -0.1 45.7 -0.3 

Cairo South -100 MW 46.5 -0.1 46.8 0.0 45.9 -0.1 
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3.3 Case study focused 

(i.e. more detail for the case that has higher angle) 

The case study represents all substations and network at 500,220,132 Kv but for 66 Kv 

network it was replaced by an equivalent concentrated load at 220 kv with constant (P, 

Q). 

The generating units are represented as a unit connected on low voltage and its AVR 

(Automatic Voltage Regulator) is considered to be set on 1 p.u. 

From tables (2,3,4), it is obvious that the higher angle case is on Min. case of the last day 

of the week so, this case will be focused in detail. 

Table 5: shows the load pattern taken in this case. 

Table 6: shows the generation pattern taken in this case. 

Fig. 3: shows the single line diagram with flow (MW/MVAR) and angle at each bus. 

From Fig. 3 it is obvious that the difference power angle between Hurgada 220 KV bus 

and G. Zet 220 KV bus is 50.8 Deg. That is because the unbalanced between generation 

and load at upper and north Egypt zones (Upper Egypt zone has no generation enough to 

service its demand so power come from north zone through 500, 220 KV lines, this leads 

to increase the power angle difference between two substations (Hurgada, G. Zet) that is 

leads to connection of the new line Hurgada/G.Zet 220KV not possible and disable to 

achieve a ring system. 

From the above mention method and with the help of table 3 at min case, it can 

redistribute the power output of the generating unit only, this can lead to decrease the 

power angle between two substations to 26.4 deg. As shown in fig. 4. 

Fig. 4: shows the single line diagram with flow (MW/MVAR) and angle at each bus after 

redistribute the power output generation. 

Table 7: shows the new generation pattern after redistribution. 

But this power angle difference is still slightly high so by change the connection point 

from Hurgada substation to Safaga substation (Hurgada substation is feed radially from 

G. Zet substation) the difference power angle decreased to 12.5 deg., now the line 

(Hurgada/G. Zet) can be connected at this suitable power angle difference. 

Fig. 5: shows the single line diagram with flow (MW/MVAR) and angle at each bus after 

redistribute the power output generation and move the connection point to safaga 220 Kv 

substation. 
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Table 5: The load pattern taken  

Substation P (MW) Q (MVAR) Substation P (MW) Q (MVAR) Substation P (MW) Q (MVAR) 

E-OYNAT 11 6 CAIRO-W1 91 24 DAMANHOR 47 15 

TOSHKA-1 11 2 MOTAMDIA 157 62 K-DAWAR 41 13 

TOSHKA-2 9 3 HADABA 181 64 K_ZIAT 133 60 

MEDECOM 10 3 6-OCTOBR 123 45 ETY-BARD 108 36 

A-DAM 61 15 OCT-NORTH 197 53 TAHRIR-B 146 62 

WAD.NOKR 61 22 ZAID 135 5 BOSTAN 136 50 

SELWA 66 28 OCT-GEN 75 30 BESHAY 10 3 

ARMENT 6 3 GIZA 129 38 MSR-AMR-160 16 8 

LXR-SHRQ 143 44 HARAM 183 59 ARCOSTEL-63 34 11 

SOTH-QNA 165 55 CAIRO-S 126 47 AL-EZZ-135 14 2 

NAG-HAM 132 50 MAADY 126 52 SADAT2 62 20 

A.TARTOR 44 17 AINSERA 111 47 SADAT1 124 40 

BALAT 39 14 BASATEEN 180 30 A.GHALEB 113 66 

GERGA 198 83 CAIRO-E1 65 23 A.MATAMR1 46 22 

TEMA 209 83 SKR-KOR 114 34 A.MATAMR2 93 22 

RIVA 165 55 MATAR 75 30 ABU-KIR 80 20 

ASSYUT 132 55 NEWCAIRO 129 43 TEXTILE 80 30 

MALAWI 176 82 WADI-H 145 34 SUIF 172 50 

SAMALUT 121 53 TEBB-GEN 102 48 ABIS1 131 50 

MAGAGA-W 77 32 SOTH.TEB 115 34 SMOUHA1 47 14 

WESTFAUM 182 75 KATAMIA-25 192 30 SMOUHA2 93 28 

BINSWF-E 187 91 A-ZABAL 171 87 DEKHELA1 87 30 

DEMO 165 66 OBOUR 113 56 DEKHELA2 44 15 

SOKHNA 18 9 HELPIS1 128 42 SOFT-IR-500 325 100 

ECTSADIA 72 14 HELPLS2 85 28 AMRIA 74 29 

EZZ-SUZ-242 50 10 CAIRO-N1 117 34 KARMOS 105 32 

CMT_SWDY 16 4 CAIRO-N2 91 31 BRG-ARB 139 47 

SUZ.CMT-50 20 12 SABTIA_11 30 11 FREE.ZON 98 8 

ELARABIA-60 20 10 SABTIA_12 82 34 SOMID 20 6 

ELMSRIA-120 30 10 SABTIA_21 48 23 OMID 25 13 

OROKSLP-185 20 10 SABTIA_22 72 30 MATROUH 30 8 

SUEZ-2 158 41 M-RAMSIS1 3 1 SALOUM 15 8 

SHARM 46 11 M-RAMSIS2 0 0 KEMA 92 40 

ELNABQ 28 3 STAD1 42 14 H.DAM-W 9 4 

NWEBEA 12 5 STAD2 87 28 KOMOMBO 47 20 

ELTOUR 5 1 M-ABSIA 2 1 FEROSLKN 56 20 

ABORDIS 15 6 CAIRO-E2 62 17 IDFO 23 9 

RAS-SEDR 8 4 BAHTEM-2 169 72 ISNA 47 13 

KANTRA 78 26 BAHTEM-1 140 52 LXR-SHRQ 42 13 

BER-ABD 16 3 DOMIAAT 158 74 NAG-HAM 45 13 

BAGDAD 45 15 A.HAMAM 122 72 ALUMINM 0 0 

MASED1 29 11 GAMALIA 123 66 ALUMINM 550 150 

ARISH 49 15 MANSORA1 52 25 SOHAG 54 17 

SHARKIA 166 114 MANSORA2 103 50 ELSAIL 3 1 

ABO.KBER 138 54 TALKHA 215 80 ASYOTGEN 56 17 

PROPLEEN 31 11 K-SHEKH 181 102 ASMNT-B 50 10 

TRUST 65 42 SIDI-SAL 115 60 ASMNT-A 20 5 

PORTSAID 116 45 MEHALA 184 90 MALAWI 50 17 

MANAIF 170 87 TANTA1 218 109 MENIA 54 17 

ZAGAZIG 255 144 KEWESNA 184 102 CMT-MINA 2 0 

N.ASHER 294 153 KALUBIA 194 106 WAHAT 12 2 

ASHER-O 248 107 ASHMOON1 26 14 MAGAGA 27 8 

SAFAGA 40 12 MENOUF 111 62 BNISWF-W 41 12 

HURGADA 95 20 ASHMOON2 52 28 
   

CAIRO-W2 87 21 N.MAHM 133 66 
   

 Table 6: The generation pattern taken 
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Power Station ST Pg (MW) Power Station ST Pg (MW) Power Station ST Pg (MW) 

GABAL-ZEAIT 1 90 N.SHBAB-GT5 0 0 W.DEMT-GT2 0 0 

H.DAM-HY1 0 0 N.SHBAB-GT6 0 0 W.DEMT-GT3 0 0 

H.DAM-HY2 1 2 N.SHBAB-GT7 1 101 W.DEMT-GT4 0 0 

H.DAM-HY3 1 22 N.SHBAB-GT8 0 0 EX.W.DMT-G1 0 0 

H.DAM-HY4 0 0 O.MOUSA-ST1 1 200 EX.W.DMT-G2 1 107 

H.DAM-HY5 0 0 O.MOUSA-ST2 1 202 EX.W.DMT-G3 0 0 

H.DAM-HY6 1 2 ARISH-ST1 1 32 EX.W.DMT-G4 0 0 

H.DAM-HY7 0 0 ARISH-ST2 1 32 TLK.750-GT1 0 0 

H.DAM-HY8 1 20 P.S.BOT-ST1 1 180 TLK.750-GT2 1 183 

H.DAM-HY9 0 0 P.S.BOT-ST2 1 180 TLK.750-ST1 1 96 

H.DAM-HY10 1 38 SHRM-GT1 0 0 TLK.210-ST1 1 134 

H.DAM-HY11 0 0 SHRM-GT2 0 0 TLK.210-ST2 1 138 

H.DAM-HY12 0 0 SHRM-GT3 0 0 TLK.CC-GT1 0 0 

ASWAN-HY3 1 25 SHRM-GT4 0 0 TLK.CC-GT2 1 41 

ASWAN-HY4 1 25 SHRM-OLD 0 0 TLK.CC-GT3 1 22 

ASWAN-HY5 1 24 HUR-GT1 0 0 TLK.CC-GT4 1 22 

ASWAN-HY6 1 25 HUR-GT2 0 0 TLK.CC-GT5 1 20 

ASWAN-HY7 0 0 HUR-GT3 0 0 TLK.CC-GT6 1 20 

ASWAN-HY8 1 24 HUR-GT4 0 0 TLK.CC-GT7 1 20 

ASWAN-HY9 1 24 HUR-OLD 0 0 TLK.CC-GT8 1 21 

ASWAN-HY10 0 0 C.S1-GT1 1 79 TLK.CC-ST7 1 21 

ASWAN-HY11 1 59 C.S1-GT2 0 0 TLK.CC-ST8 1 20 

ASWAN-HY12 1 59 C.S1-GT3 1 74 AL.ATF-GT1 1 148 

ASWAN-HY13 1 59 C.S2-GT1 1 99 AL.ATF-GT2 1 147 

ISNA-HY1 1 15 C.S2-ST1 1 46 AL.ATF-ST1 1 164 

ISNA-HY2 1 14 TEBB.GN-ST1 1 302 MAHM-GT1 1 36 

ISNA-HY3 1 15 TEBB.GN-ST2 1 301 MAHM-GT2 1 36 

ISNA-HY4 1 15 C.W.500-ST5 0 0 MAHM-GT3 1 22 

ISNA-HY5 1 15 C.W.500-ST6 1 185 MAHM-GT4 0 0 

ISNA-HY6 1 13 C.W.500-ST7 1 200 MAHM-GT5 1 26 

NAG-HAM-HY1 1 16 C.W.500-ST8 1 201 MAHM-GT6 1 15 

NAG-HAM-HY2 1 16 SHOBRA-ST1 0 0 MAHM-GT7 1 16 

NAG-HAM-HY3 1 16 SHOBRA-ST2 1 249 MAHM-GT8 1 15 

NAG-HAM-HY4 1 16 SHOBRA-ST3 1 210 MAHM-ST1 1 20 

WALID-ST1 1 289 SHOBRA-ST4 1 252 MAHM-ST2 1 15 

WALID-ST2 1 261 C.N-GT1 0 0 N.MAHM-ST1 0 0 

KUR1-ST1 1 534 C.N-GT2 1 146 N.MAHM-ST2 0 0 

KUR1-ST2 1 479 C.N-ST1 1 64 DAM.CC-GT1 1 20 

KUR2-GT1 1 159 C.N-GT3 1 186 DAM.CC-GT2 1 20 

KUR2-GT2 1 154 C.N-GT4 1 73 DAM.CC-GT3 1 21 

KUR2-ST1 1 186 C.N-ST2 0 0 DAM.CC-GT4 1 19 

KUR3-GT3 0 0 6.OCT-GT1 0 0 DAM.CC-ST1 1 48 

KUR3-GT4 1 153 6.OCT-GT2 0 0 DAM.300-ST4 1 290 

KUR3-ST2 1 96 6.OCT-GT3 0 0 K-DAWAR-ST1 1 88 

W.ASYUT-GT1 0 0 6.OCT-GT4 0 0 K-DAWAR-ST2 1 87 

W.ASYUT-GT2 0 0 EX.OCT-GT1 0 0 K-DAWAR-ST3 1 90 
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W.ASYUT-GT3 0 0 EX.OCT-GT2 0 0 K-DAWAR-ST4 1 105 

W.ASYUT-GT4 0 0 EX.OCT-GT3 0 0 BANHA-GT1 1 150 

W.ASYUT-GT5 0 0 EX.OCT-GT4 0 0 BANHA-GT2 1 152 

W.ASYUT-GT6 0 0 N.GIZA-GT1 1 86 BANHA-ST1 1 222 

W.ASYUT-GT7 0 0 N.GIZA-GT2 1 85 NOB-GT1 1 100 

W.ASYUT-GT8 0 0 N.GIZA-ST1 1 181 NOB-GT2 1 101 

SUZ.BOT-ST1 1 244 N.GIZA-GT3 0 0 NOB-ST1 0 0 

SUZ.BOT-ST2 1 267 N.GIZA-GT4 1 96 NOB-GT3 1 152 

E.SKHNA-ST1 0 1 N.GIZA-ST2 1 80 NOB-GT4 1 151 

E.SKHNA-ST2 1 421 N.GIZA-GT5 1 86 NOB-ST2 1 176 

ZAFRANA1 1 50 N.GIZA-GT6 1 84 NOB-GT5 0 0 

ZAFRANA2 1 50 N.GIZA-ST3 1 180 NOB-GT6 0 0 

ATAKA-ST1 0 0 DEMT-GT1 1 101 NOB-ST3 0 0 

ATAKA-ST2 0 0 DEMT-GT2 1 100 A-KR220-ST1 1 121 

ATAKA-GT1 1 100 DEMT-ST1 1 100 A-KR220-ST2 1 107 

ATAKA-GT2 1 100 DEMT-GT3 0 0 A-KR220-ST3 0 0 

ATAKA-GT3 0 0 DEMT-GT4 0 0 A-KR220-ST4 1 135 

ATAKA-GT4 0 0 DEMT-ST2 0 0 A-KR220-ST5 0 0 

A.SOLT-GT1 1 135 DEMT-GT5 1 101 A.KR500-ST6 1 497 

A.SOLT-GT2 1 134 DEMT-GT6 1 100 A.KR500-ST7 1 567 

A.SOLT-GT3 1 134 DEMT-ST3 1 102 S.KRIR-ST1 1 193 

A.SOLT-GT4 0 0 N.DEMT-GT1 0 0 S.KRIR-ST2 1 212 

N.SHBAB-GT1 0 0 N.DEMT-GT2 0 0 S.KRIRB-ST3 1 170 

N.SHBAB-GT2 0 0 N.DEMT-GT3 0 0 S.KRIRB-ST4 1 179 

N.SHBAB-GT3 0 0 N.DEMT-GT4 1 119 S.KRIR-GT1 1 141 

N.SHBAB-GT4 0 0 W.DEMT-GT1 1 17 S.KRIR-GT2 1 143 

   
S.KRIR-ST1 1 164 

 

 

 

 

 

 

 

 

 

 

 

 

 



Cigre Egypt2019 

130 

 

Fig 3: Shows the single line diagram with flow (MW/MVAR) and angle at each bus. 

Table 7: The new generation pattern after redistribution 

Power Station ST Pg (MW) Power Station ST Pg (MW) Power Station ST Pg (MW) 

GABAL-ZEAIT 0 90 N.SHBAB-GT5 0 0 W.DEMT-GT2 0 0 

H.DAM-HY1 0 0 N.SHBAB-GT6 0 0 W.DEMT-GT3 0 0 

H.DAM-HY2 1 170 N.SHBAB-GT7 1 80 W.DEMT-GT4 0 0 

H.DAM-HY3 1 170 N.SHBAB-GT8 0 0 EX.W.DMT-G1 0 0 

H.DAM-HY4 0 0 O.MOUSA-ST1 1 200 EX.W.DMT-G2 1 80 

H.DAM-HY5 0 0 O.MOUSA-ST2 1 202 EX.W.DMT-G3 0 0 

H.DAM-HY6 1 170 ARISH-ST1 1 32 EX.W.DMT-G4 0 0 

H.DAM-HY7 0 0 ARISH-ST2 1 32 TLK.750-GT1 0 0 

H.DAM-HY8 1 170 P.S.BOT-ST1 1 180 TLK.750-GT2 1 183 

H.DAM-HY9 0 0 P.S.BOT-ST2 1 180 TLK.750-ST1 1 96 

H.DAM-HY10 1 170 SHRM-GT1 0 0 TLK.210-ST1 1 134 

H.DAM-HY11 0 0 SHRM-GT2 0 0 TLK.210-ST2 1 138 

H.DAM-HY12 0 0 SHRM-GT3 0 0 TLK.CC-GT1 0 0 

ASWAN-HY3 1 30 SHRM-GT4 0 0 TLK.CC-GT2 1 41 

ASWAN-HY4 1 30 SHRM-OLD 0 0 TLK.CC-GT3 1 22 

ASWAN-HY5 1 30 HUR-GT1 0 0 TLK.CC-GT4 1 22 

ASWAN-HY6 1 30 HUR-GT2 0 0 TLK.CC-GT5 1 20 

ASWAN-HY7 0 0 HUR-GT3 0 0 TLK.CC-GT6 1 20 

ASWAN-HY8 1 30 HUR-GT4 0 0 TLK.CC-GT7 1 20 

ASWAN-HY9 1 30 HUR-OLD 0 0 TLK.CC-GT8 1 21 

ASWAN-HY10 0 0 C.S1-GT1 1 79 TLK.CC-ST7 1 21 

ASWAN-HY11 1 59 C.S1-GT2 0 0 TLK.CC-ST8 1 20 

ASWAN-HY12 1 59 C.S1-GT3 1 74 AL.ATF-GT1 1 220 

ASWAN-HY13 1 59 C.S2-GT1 1 99 AL.ATF-GT2 1 220 

ISNA-HY1 1 15 C.S2-ST1 1 46 AL.ATF-ST1 1 260 

ISNA-HY2 1 14 TEBB.GN-ST1 1 302 MAHM-GT1 1 36 

ISNA-HY3 1 15 TEBB.GN-ST2 1 301 MAHM-GT2 1 36 

ISNA-HY4 1 15 C.W.500-ST5 0 0 MAHM-GT3 1 22 

ISNA-HY5 1 15 C.W.500-ST6 1 185 MAHM-GT4 0 0 

ISNA-HY6 1 13 C.W.500-ST7 1 200 MAHM-GT5 1 26 

NAG-HAM-HY1 1 16 C.W.500-ST8 1 201 MAHM-GT6 1 15 

NAG-HAM-HY2 1 16 SHOBRA-ST1 0 0 MAHM-GT7 1 16 

NAG-HAM-HY3 1 16 SHOBRA-ST2 1 249 MAHM-GT8 1 15 

NAG-HAM-HY4 1 16 SHOBRA-ST3 1 210 MAHM-ST1 1 20 

WALID-ST1 1 289 SHOBRA-ST4 1 230 MAHM-ST2 1 15 

WALID-ST2 1 261 C.N-GT1 0 0 N.MAHM-ST1 0 0 

KUR1-ST1 1 534 C.N-GT2 1 146 N.MAHM-ST2 0 0 

KUR1-ST2 1 479 C.N-ST1 1 64 DAM.CC-GT1 1 20 

KUR2-GT1 1 159 C.N-GT3 1 186 DAM.CC-GT2 1 20 

KUR2-GT2 1 154 C.N-GT4 1 73 DAM.CC-GT3 1 21 

KUR2-ST1 1 186 C.N-ST2 0 0 DAM.CC-GT4 1 19 

KUR3-GT3 0 0 6.OCT-GT1 0 0 DAM.CC-ST1 1 48 

KUR3-GT4 1 153 6.OCT-GT2 0 0 DAM.300-ST4 1 200 

KUR3-ST2 1 96 6.OCT-GT3 0 0 K-DAWAR-ST1 1 88 

W.ASYUT-GT1 0 0 6.OCT-GT4 0 0 K-DAWAR-ST2 1 87 

W.ASYUT-GT2 0 0 EX.OCT-GT1 0 0 K-DAWAR-ST3 1 90 

W.ASYUT-GT3 0 0 EX.OCT-GT2 0 0 K-DAWAR-ST4 1 105 
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W.ASYUT-GT4 0 0 EX.OCT-GT3 0 0 BANHA-GT1 1 150 

W.ASYUT-GT5 0 0 EX.OCT-GT4 0 0 BANHA-GT2 1 152 

W.ASYUT-GT6 0 0 N.GIZA-GT1 1 86 BANHA-ST1 1 150 

W.ASYUT-GT7 0 0 N.GIZA-GT2 1 85 NOB-GT1 1 100 

W.ASYUT-GT8 0 0 N.GIZA-ST1 1 181 NOB-GT2 1 101 

SUZ.BOT-ST1 1 180 N.GIZA-GT3 0 0 NOB-ST1 0 0 

SUZ.BOT-ST2 1 180 N.GIZA-GT4 1 96 NOB-GT3 1 152 

E.SKHNA-ST1 0 1 N.GIZA-ST2 1 80 NOB-GT4 1 151 

E.SKHNA-ST2 1 421 N.GIZA-GT5 1 86 NOB-ST2 1 150 

ZAFRANA1 0 50 N.GIZA-GT6 1 84 NOB-GT5 0 0 

ZAFRANA2 0 50 N.GIZA-ST3 1 180 NOB-GT6 0 0 

ATAKA-ST1 0 0 DEMT-GT1 1 101 NOB-ST3 0 0 

ATAKA-ST2 0 0 DEMT-GT2 1 100 A-KR220-ST1 1 80 

ATAKA-GT1 1 80 DEMT-ST1 1 100 A-KR220-ST2 1 80 

ATAKA-GT2 0 0 DEMT-GT3 0 0 A-KR220-ST3 0 0 

ATAKA-GT3 0 0 DEMT-GT4 0 0 A-KR220-ST4 1 80 

ATAKA-GT4 0 0 DEMT-ST2 0 0 A-KR220-ST5 0 0 

A.SOLT-GT1 1 135 DEMT-GT5 1 101 A.KR500-ST6 1 400 

A.SOLT-GT2 1 134 DEMT-GT6 1 100 A.KR500-ST7 1 400 

A.SOLT-GT3 1 134 DEMT-ST3 1 102 S.KRIR-ST1 1 200 

A.SOLT-GT4 0 0 N.DEMT-GT1 0 0 S.KRIR-ST2 1 200 

N.SHBAB-GT1 0 0 N.DEMT-GT2 0 0 S.KRIRB-ST3 1 200 

N.SHBAB-GT2 0 0 N.DEMT-GT3 0 0 S.KRIRB-ST4 1 200 

N.SHBAB-GT3 0 0 N.DEMT-GT4 1 80 S.KRIR-GT1 1 141 

N.SHBAB-GT4 0 0 W.DEMT-GT1 0 0 S.KRIR-GT2 1 143 

  
0 

  
0 S.KRIR-ST1 1 164 
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Fig. 4: Shows the single line diagram with flow (MW/MVAR) and angle at each bus after 

redistribute the power output generation. 
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Fig. 5: Shows the single line diagram with flow (MW/MVAR) and angle at each bus after 
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redistribute the power output generation and move the connection point to safaga 220 

Kv substation. 

 

By applying the same scenario (redistribute the generating power and change the connection 

point to safaga 220 kv substation) on all cases it leads to decrease the difference power angle 

between Hurgada substation and G. Zet substation, that leads to close of the ring can be 

achieve. 

Table 8: shows the result of power angle after redistribute power generation and also after 

change the connection point to safaga 220 kv substation along the different cases. 

Its obvious that a small angle can be achieved  so as to con connect the ring. 

 

Middle Week Day Last Day on the Week Holiday on the Week 

Min Day Peak Min Day Peak Min Day Peak 

Ang. Ang. Ang. Ang. Ang. Ang. Ang. Ang. Ang. 

Power angle after 

redistribution generating 

power 

24.4 13 13.9 26.4 15.6 12.7 29.1 26.9 28.3 

After Change Connection 

Point to Safaga 220 KV 
11.4 -4.6 -9 12.5 -2.2 -9.3 14.4 10.1 4.9 

Hurgada Load 90 120 150 95 120 145 100 115 150 
 

Table 8: shows the power angle after redistribute power generation and also after change the 

connection point to safaga 220 kv substation 

3.4 Comparison among solution proposed 

 

From the above results at tables (2,3,4) it is obvious that the effect of increase/decrease 

generation MW has a good effect to reduce the power angle and the greater one is 

increase hurgada generation. 

Also, it is obvious that the change in the angle along all cases can de say it is constant. 

So, by changing the generation pattern of the base case, this leads to reduce the power 

angle. 

For more small angle, it can be achieved by change the connection point to safaga 200 kv 

substation. 

 

4 Results Validation 

 

4.1 Comparison the result before & after applying the proposed method 
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Table 9: Comparison between before and after applying the proposed method  

 

 

Middle Week Day Last Day on the Week Holiday on the Week 

Min Day Peak Min Day Peak Min Day Peak 

Ang. Ang. Ang. Ang. Ang. Ang. Ang. Ang. Ang. 

Power angle at base cases 

(before) 
40 45.8 30.1 50.8 47.5 42.3 46.6 46.8 46 

Power angle after 

redistribution generating 

power (after) 

24.4 13 13.9 26.4 15.6 12.7 29.1 26.9 28.3 

After Change Connection 

Point to Safaga 220 KV (after) 
11.4 -4.6 -9 12.5 -2.2 -9.3 14.4 10.1 4.9 

Contingency analysis for the studied zone after close the loop 

Because of the very large bulk of generation (H.Dam, Wind power) that can be change form 

min to max generation along the normal operation contingency analysis can be studied by 

study the network after connection the loop at the following cases: 

1) Year peak case (High Dam is at Max., Wind power is zero). 

2) Year peak case (High Dam is at Min., Wind power is zero). 

3) Year peak case (High Dam is at Max., Wind power is Max). 

4) Year peak case (High Dam is at Min., Wind power is Max). 

5) Year Min case (High Dam is at Max., Wind power is zero). 

6) Year Min case (High Dam is at Min., Wind power is zero). 

7) Year Min case (High Dam is at Max., Wind power is Max). 

8) Year Min case (High Dam is at Min., Wind power is Max). 

And study the above cases (before and after loop connection) at normal conditions then study 

on each case (before and after loop connection) the following (N-1) contingency scenarios: 

1) Disconnect one circuit of 220 Kv Zaf1/Soukhna power line. 

2) Disconnect one circuit of 220 Kv Hurgada/G.Zet power line. 

3) Disconnect one circuit of 220 Kv Safaga/S.Quna power line. 

4) Disconnect one circuit of 220 Kv Suez 2/Saqr Korish power line. 

5) Disconnect one circuit of 220 Kv Kurimat1/Basateen power line. 

6) Disconnect one circuit of 220 Kv Suez Boot/New Cairo power line. 

7) Disconnect one circuit of 500 Kv Kur/Samalut power line. 

8) Disconnect one circuit of 500 Kv N.Giza/Samalut power line. 

9) Disconnect one circuit of 500 Kv Assyut/Samalut power line. 

10) Disconnect one circuit of 500 Kv Assyut/Nag Ham power line. 

11) Disconnect one circuit of 500 Kv High Dam/Nag Ham power line. 
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4.2 Effect of line connection on power system load flow 

a) Effect on 220 KV lines: 

After studying the different cases the table below shows the effect of close the loop on 

220 kv line. 

 
b) Effect on 500 KV lines: 

After studying the different cases the table below shows the effect of close the loop on 

500 kv line. 

Time
H.Dam

(MW)

Wind

(MW)
Before After

Effect

(Amp)
Before After

Effect

(Amp)
Before After

Effect

(Amp)
Before After

Effect

(Amp)

1 2100 0 120 99 -21 67 102 35 322 229 -93 496 393 -103

2 2100 600 805 584 -221 65 233 168 322 86 -236 496 334 -162

3 700 0 120 255 135 67 248 181 308 60 -248 575 392 -183

4 700 600 804 379 -425 66 450 384 307 174 -133 575 346 -229

5 2100 0 185 108 -77 72 118 46 188 275 87 173 139 -34

6 2100 600 781 669 -112 68 126 58 197 90 -107 181 153 -28

7 80 0 184 275 91 72 244 172 185 84 -101 304 146 -158

8 80 600 777 353 -424 68 438 370 184 268 84 304 194 -110

Time
H.Dam

(MW)

Wind

(MW)
Before After

Effect

(Amp)
Before After

Effect

(Amp)
Before After

Effect

(Amp)
Before After

Effect

(Amp)

1 2100 0 658 635 -23 217 223 6 525 540 15 545 508 -37

2 2100 600 659 611 -48 162 178 16 495 503 8 692 593 -99

3 700 0 476 437 -39 386 405 19 588 631 43 417 310 -107

4 700 600 476 475 -1 261 291 30 457 512 55 744 550 -194

5 2100 0 455 469 14 140 143 3 183 174 -9 198 236 38

6 2100 600 458 350 -108 238 230 -8 118 126 8 544 492 -52

7 80 0 143 119 -24 123 137 14 205 244 39 254 144 -110

8 80 600 143 100 -43 60 63 3 113 153 40 591 400 -191

A.Dam/Selwa 220 KV

(Rate = 1200 Amp)

Safaga/S.Quna 220 KV

(Rate = 1200 Amp)

Hurgada/G.Zet 220 KV

(Rate = 1200 Amp)

Nag Ham/S.Quna 220 KV

(Rate = 1200 Amp)

Suez Boot/N.Cairo 220 KV

(Rate = 1200 Amp)

Kurimat1/Basateen 220 KV

(Rate = 1100 Amp)

Suez 2/Saqr Korish 220 KV

(Rate = 550 Amp)

P
e

ak

(3
1
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W
)

M
in

.

(1
4
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)

Case

No.

Case Study Describtion

P
e

ak

(3
1

.5
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W
)

M
in

.

(1
4

 G
W

)

Case

No.

Case Study Describtion
Zaf1/Soukhna 220 KV

(Rate = 1200 Amp)
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4.3 Effect of line connection on contingency analysis after close the loop 

a) Effect on 220 KV lines: 

After studying the different cases the table below shows the effect of close the loop on 

220 kv lines contingences (n-1). 

Time
H.Dam

(MW)

Wind

(MW)
Before After

Effect

(Amp)
Before After

Effect

(Amp)
Before After

Effect

(Amp)

1 2100 0 986 976 -10 200 189 -11 97 110 13

2 2100 600 986 980 -6 200 205 5 96 137 41

3 700 0 554 508 -46 697 598 -99 697 594 -103

4 700 600 551 499 -52 692 526 -166 688 508 -180

5 2100 0 1034 1022 -12 525 494 -31 365 335 -30

6 2100 600 1033 1036 3 510 547 37 344 390 46

7 80 0 315 274 -41 522 429 -93 677 575 -102

8 80 600 315 275 -40 521 362 -159 670 500 -170

Time
H.Dam

(MW)

Wind

(MW)
Before After

Effect

(Amp)
Before After

Effect

(Amp)
Before After

Effect

(%)

1 2100 0 281 260 -21 401 360 -41 98% 100% 2%

2 2100 600 264 210 -54 394 293 -101 94% 97% 3%

3 700 0 900 815 -85 1130 1000 -130 87% 92% 5%

4 700 600 827 683 -144 1137 827 -310 78% 86% 8%

5 2100 0 320 297 -23 399 365 -34 40% 39% -1%

6 2100 600 333 361 28 372 409 37 43% 36% -7%

7 80 0 736 649 -87 898 767 -131 24% 27% 3%

8 80 600 680 542 -138 890 687 -203 15% 22% 7%

Case

No.

Case Study Describtion

P
e

a
k

(3
1

.5
 G

W
)

M
in

.

(1
4

 G
W

)

Kur/Samalut 500 KV

(Rate = 2000 Amp)

Kurimat1 500/220 KV

Transformer (500 MVA)

High Dam/Nag Ham 500 KV

(Rate = 2000 Amp)

Assyut/Nag Ham 500 KV

(Rate = 2000 Amp)

Assyut/Samalut 500 KV

(Rate = 2000 Amp)

N.Giza/Samalut 500 KV

(Rate = 2000 Amp)  

P
e

a
k

(3
1

.5
 G

W
)

M
in

.

(1
4

 G
W

)

Case

No.

Case Study Describtion

Normal N-1 Normal N-1 Normal N-1 Normal N-1 Normal N-1 Normal N-1 Normal N-1 Normal N-1

1 2100 0 120 220 99 176 67 67 102 165 322 760 229 366 496 903 393 671

2 2100 600 805 1658 584 1106 65 65 233 393 322 768 86 118 496 904 334 568

3 700 0 120 220 255 475 67 67 248 414 308 715 60 75 575 1027 392 667

4 700 600 804 1652 379 724 66 66 450 761 307 715 174 280 575 1027 346 589

5 2100 0 185 351 108 190 72 72 118 181 188 401 275 438 173 300 139 230

6 2100 600 781 1596 669 1263 68 68 126 211 197 425 90 126 181 312 153 251

7 80 0 184 351 275 510 72 72 244 406 185 393 84 121 304 526 146 243

8 80 600 777 1588 353 675 68 68 438 736 184 393 268 440 304 526 194 320

Normal N-1 Normal N-1 Normal N-1 Normal N-1 Normal N-1 Normal N-1 Normal N-1 Normal N-1

1 2100 0 658 1090 635 1037 217 287 223 295 525 750 540 770 545 820 508 750

2 2100 600 659 1089 611 1002 162 215 178 236 495 675 503 719 692 1039 593 872

3 700 0 476 804 437 706 386 513 405 538 588 844 631 901 417 627 310 455

4 700 600 476 803 475 671 261 347 291 385 457 655 512 739 744 1117 550 809

5 2100 0 455 683 469 700 140 183 143 189 183 254 174 240 198 296 236 343

6 2100 600 458 690 350 663 238 318 230 307 118 150 126 163 544 813 492 718

7 80 0 143 227 119 184 123 155 137 174 205 288 244 343 254 380 144 208

8 80 600 143 227 100 141 60 73 63 74 113 144 153 207 591 883 400 582

P
e

a
k

(3
1

.5
 G

W
)

M
in

.

(1
4

 G
W

)

Time
H.Dam

(MW)

Wind

(MW)

Before After Before After Before After

Case

No.

Case Study Describtion
Suez 2/Saqr Korish 220 KV

(Rate = 550 Amp)

Kurimat1/Basateen 220 KV

(Rate = 1100 Amp)

Suez Boot/New Cairo 220 KV

(Rate = 1200 Amp)

Before After

Before After

P
e

a
k

(3
1

.5
 G

W
)

M
in

.

(1
4

 G
W

)

Nag Ham/S.Quna 220 KV

(Rate = 1200 Amp)

A.Dam/Selwa 220 KV

(Rate = 1200 Amp)

Time
H.Dam

(MW)

Wind

(MW)

Before After

Case

No.

Case Study Describtion
Zaf1/Soukhna 220 KV

(Rate = 1200 Amp)

Hurgada/G.Zet 220 KV

(Rate = 1200 Amp)

Safaga/S.Quna 220 KV

(Rate = 1200 Amp)

Before After Before After
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High Dam +100 MW -2.00

Aswan Dam +100 MW -2.10

Walidia + 50  MW -0.70

W.Assyut +100 MW -1.60

Kurimate 1 +100 MW -0.10

Kurimate 2&3 +100 MW -0.02

N.Giza +100 MW -0.05

Cairo West +100 MW 0.02

Hurgada +100 MW -7.00

Zafarana 1  - 50  MW -1.20

Zafarana 2  - 50  MW -1.25

Gbl El Zet  - 50  MW -2.50

Suz Boot  -100 MW -1.50

Ataka  -100 MW -0.20

Shabab  -100 MW -0.05

Ein Sokhna  -100 MW -0.03

El Teben  -100 MW -0.10

Cairo South  -100 MW -0.03

Effect of

Increase(+)/

Decrease(-)

Generation

Power

Station

Angle

change

by

(Deg)

 

b) Effect on 500 KV lines: 

After studying the different cases the table below shows the effect of close the loop on 

500 kv lines contingences (n-1). 

 

 

 

5 Conclusion 

The connection of the new line can be achieved by : 

A) Choose day that’s loads are low (Holi-day) at 

morning time.  

B) Change the power configuration according the 

following table in the direction of reduce power 

angle 

C) For more reduction the connection point could be 

changed to safaga substation in steed of hurgada 

(feed hurgada loads from g.zet power station 

radially). 

 

The effect of this connection is: 

A) Decrease the power loss on the network. 

B) Improve the voltage profile. 

Normal N-1 Normal N-1 Normal N-1 Normal N-1 Normal N-1 Normal N-1

1 2100 0 986 1804 976 1750 200 243 189 228 97 107 110 133

2 2100 600 986 1802 980 1760 200 243 205 264 96 105 137 201

3 700 0 554 850 508 732 697 1257 598 1023 697 1293 594 1063

4 700 600 551 843 499 722 692 1252 526 900 688 1277 508 907

5 2100 0 1034 1902 1022 1863 525 886 494 808 365 665 335 588

6 2100 600 1033 1900 1036 1893 510 860 547 902 344 625 390 695

7 80 0 315 451 274 384 522 911 429 713 677 1245 575 1018

8 80 600 315 451 275 383 521 909 362 603 670 1233 500 879

Normal N-1 Normal N-1 Kur TR Normal N-1 Kur TR Kur TR Normal N-1 Kur TR

1 2100 0 281/401 618 260/360 542 98% 401/281 570 109% 100% 360/260 488 110%

2 2100 600 264/394 595 210/293 426 94% 394/264 535 105% 97% 293/210 366 106%

3 700 0 900/1130 1962 815/1000 1685 87% 1130/900 1920 123% 92% 1000/815 1588 124%

4 700 600 827/1137 1902 683/915 1485 78% 1137/827 1844 114% 86% 827/1137 1382 115%

5 2100 0 320/399 606 297/365 543 40% 399/320 550 33% 39% 365/297 487 33%

6 2100 600 333/372 586 361/409 639 43% 372/333 540 28% 36% 409/361 587 29%

7 80 0 736/898 1550 649/767 1285 24% 898/735 1485 52% 27% 767/649 1205 51%

8 80 600 680/890 1491 542/687 1118 15% 890/680 1420 41% 22% 687/542 1038 43%
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C) Reduce the most sever (n-1) power lines. 

D) Increase the network stability. 

E) Can benefit from the all of the wind generated power. 

F) Increase the reliability of wind power by add more lines. 
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SUMMARY 

 
The impact of large solar plants on power systems due to rapid variation in power injection 
caused by various factors such as the intermittency of solar radiation, changes in climates and 
tripping out of power electronic based converters connected to the system. For effective 
understanding of the effects before integration, studies are needed to be carried out for a 
particular grid in countries in which there is need to integrate more and more solar PV system 
to their power transmission or distribution grids. In the first step of this research paper, 39-bus 
new England test system (The System hereinafter) is implemented by means of the certified 
SIEMENS software PSS/E ver. 33 (Power System Simulator for Engineering), the steady state 
study and dynamic study is proposed using the available data, both the steady state study and 
the dynamic analysis showed that the system was unstable. A real data have been used, then a 
steady state study and dynamic study is conducted, the steady state study shows that the lines 
and transformers are not secure in the contingency (N-1) analysis which clearly indicates a 
risk to the reliability of network and admissible voltage profile is violated at several 
substations (in some cases, voltages are too low) already in normal operation and the dynamic 
analysis for the machine performance shows that they are stable. 
Consequently the network topology has been changed but by maintaining the main core of the 
system (number of buses, number of plants, total generation, base generation voltage 22kv, 
swing bus and total load), then a steady state study and dynamic study is conducted, the result 
show that’s steady state study and the dynamic analysis of the system are stable after 
adjusting the generation pattern.  

The Photovoltaic Power Plant is added to the modified 39-bus New England test system and 
the dynamic model of PV array based solar plant, inverter and the electrical controller are 
used from the PSS/E library.  The parameters of the dynamic model have been created using 
real data from the plant.  

To demonstrate a high penetration of PV, the power generation from PV has been increased 
up from 5% to 30% from the total generation of the network. The PV plants were randomly 
distributed between three plants differs in their locations and centralized  

The dynamic behavior of the system is proposed by tripping of the PV plant/s and by 
simulating a three phase fault at PV connected buses and their compliance with the Egyptian 
grid  and the PV codes. This Paper will discuss and propose four scenarios to study the 
vulnerability of the system with increase in penetration of PV power level.  
 

KEYWORDS 

“PSS/E (Power System Simulator for Engineering)”, “PV (PhotoVoltaic)”, “39-Bus New 
England Test System (THE SYSTEM)”, “Modified 39-Bus New England Test System 
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I. Introduction 

Many challenges force the electricity sector to find new ways of generating electricity 
while minimizing it especially those depending on thermal power generation and accordingly 
fossil fuels. Finding ways of satisfying Egypt’s energy needs is such urgent problems that 
consider all possible resources and evaluate them as objectively as possible. One of the most 
suitable solutions of all renewable energy sources is solar energy as it is free of cost and 
existing in plentiful.  

A solar PV system grid-connected generates electricity from sunlight through 
semiconductor solar cells to directly convert sunlight into DC power and this extracted energy 
is controlled and integrated with the grid interface through DC-to-AC inverters. Thus, they do 
not have inertia compared to conventional synchronous generators. In addition, their dynamic 
behavior and their interaction with power systems are dominated by the characteristics and 
controls of the inverters. Therefore, it is important to understand the impact of increased 
penetration of solar PV generation on power system dynamic performance to determine its 
potential impact to the operation of power grid.  

Many countries have set targets in this respect to achieve a higher level penetration of 
renewable energy in the near future. California has legislated that by 2020, 33 percent of its 
total generation comes directly from renewable resources [1]. In January 2009, the public 
service commission in the State of Florida submitted a renewable portfolio standard draft rule 
to the Florida Legislature that includes aggressive target of 20 percent renewable energy 
production by 2020 [2]. In China, the total installed capacity of utility-scale PV (37 GW) 
nearly quadrupled the 2015 target, installed capacity of distributed PV (6.06 GW) was about 
half the 2015 target .This trend continued in 2016, with 30 GW utility scale and only 4 GW 
distributed PV installed [3]. China’s pledge at the Paris Climate Conference to produce 20% 
of primary energy from non-fossil sources in 2030 [4]. The expectations of the European 
Wind Energy Association show an increase from 28.5 GW in 2003 to 180 GW in 2020 [5].  

Based on line flow capacity constraints, simulation results have shown that the penetration 
level of the renewable energy sources should not increase beyond 10% of the annual peak 
demand of Jordan to avoid line congestions. Upgrading of the network to accommodate up to 
1600 MW of renewable energy generation by 2020 has been proposed [6]. Among the 
solutions to large-scale PV systems challenges are the generation dispatch and spinning 
reserve methods [7]. Tokyo electrical power system containing a 10% contribution from PV 
stations would require a 2.5% increase in load frequency control (LFC) capacity over a 
conventional system [8] The results of the analysis on a full New Zealand network model 
show that, the power system’s lower inertia with high PV generation levels, resulting from 
displacement of conventional synchronous generation by PV generation, will require more 
frequency reserve to mitigate the same quantum of risk [9].  

Therefore, power system planners need tools to address these issues. Although a few 
studies are found in the literature [10], there are no standard tools yet developed to analyze 
these complex scenarios. In most cases, custom models and tools are used along with some 
commercial programs to address the impact of large solar PV plants on electrical power 
systems. 

This paper presents in Section II a model of large PV plant that can be used for stability 
study in a large grid. The PV model was then integrated with PSS/E as a library model. 
Although, a modified model for the 39-bus New England test system is presented. Section III 
proposes four scenarios to study the effect of losing PV plants for various penetration levels. 
Section IV presents the results of the dynamic analysis carried out for the proposed scenarios. 
Section V concludes this paper. 
  

II. PV and Grid modelling  

A. PV modeling 

The PV model that has been used for the dynamic study is a library model called PVGU1, 
together with a control model called PVEU1.Additionally, to simulate active power changes 
due to curtailment commands or irradiance variations it has been used the library models 
PANELU1 and IRRADU1. 
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The PV inverter PVGU1 is a user written generator model for PV systems; the parameters and 
their description are found in chapter 17 in the PSS®E dynamics model library. The values of 
these parameters have been created using real data from the plant. 

The PV controller PVEU1 is a user written electrical control model for PV systems; the 
parameters and their description are found in chapter 18 in the PSS®E dynamics model 
library. The values of these parameters have been created using real data from the plant. 

PANELU1 is a user written model to represent the linearized model of PV panel’s output 
curve (I-P Characteristics); the parameters and their description are found in chapter 19 in the 
PSS®E dynamics model library. The values of these parameters have been created using real 
data from the plant. 

IRRADU1 is a user written model to represent the linearized model of PV panel’s solar 
irradiance profile; the parameters and their description are found in chapter 20 in the PSS®E 
dynamics model library. The values of these parameters have been created using real data 
from the plant. 

B. Grid modeling 

The 39-bus New England test system is a widely used dynamics test system: the data of the 
test system [11].  

Fig.1.The 39-bus New England test system [11]. The system contains 10 plants and 39 buses. 

The System is implemented on the PSS/E software ver. 33 using the available data in [11]. 
Both the steady state study and the dynamic analysis showed that the system was unstable as 
indicated in Fig. 2. 

Fig.2. Instability of the system. 

This system does not exist in reality, but is an artificial test system that is used in many 
publications on various aspects of power system dynamics. General reasons for using a test 
system rather than a model of a practical system are the following: 

1. The availability of the practical power systems data, as it is partly confidential 
especially for the system configuration and the network topology. 
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2. Models of practical power systems tend to be very large, which makes the 
development and calculation of numerous scenarios so difficult and time consuming, 
also complicates the identification of general trends. 

3. The results obtained with models of practical power systems are less generic than 
those obtained with general purpose test systems and can be validated more easily. 

But as indicated in Fig.2 most of the data and the parameters of the system make them 
inconvenient to obtain results to be compared with results can be investigated on practical 
power systems. 

By providing the system with real data without any change in the system configuration and 
the network topology, a steady state study and dynamic study was conducted. 

The load flow (Fig. 3) shows that the loading of the branches, transformer branches and the 
machines are not accepted and the voltage violate the limits of the normal operation.  

Fig.3 The load flow of the system. 

The PSS/E N-1 contingency report (ACCC OVERLOAD REPORT: MONITORED 
BRANCHES AND INTERFACES LOADED ABOVE 100.0 % OF RATING SET A % 
LOADING VALUES ARE % MVA FOR TRANSFORMERS AND % CURRENT FOR 
NON-TRANSFORMER BRANCHES INCLUDES VOLTAGE REPORT. VOLTAGE 
LIMITS USE NORMAL) result indicates the risk to the reliability of the system. 

The steady state study shows that the lines and transformers are not secure in the contingency 
(N-1) analysis which clearly indicates a risk to the reliability of network and admissible 
voltage profile is violated at several substations (in some cases, voltages are too low) already 
in normal operation.  

The dynamic analysis for the machine performance shows that they are stable which can be 
appeared in Fig.4.  

Fig.4 Stability of the machines. 
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The previous results for both the steady state study and the dynamic study shows that the real 
data improve the performance of the machines from instability to stability while the loading, 
N- 1 secure and voltage profile still have huge problems. This easily leads to a shift in focus 
from using the model to investigating certain phenomena towards improving the model itself. 

By using the main basic concept for network planning to insure any substation from two 
sources with minimum investment (or by another words best economic solution), the network 
topology has been changed but by maintaining the main core of the system (number of buses, 
number of plants, total generation, base generation voltage 22kv, swing bus and total load) 
Fig.5. 

Fig.5 The modified system. 

The load flow (Fig. 5) for the modified system shows that the loading of the branches, 
transformer branches and the machines are normal and the voltage profile is within the normal 
operation limits. 

The PSS/E N-1 contingency report (ACCC OVERLOAD REPORT: MONITORED 
BRANCHES AND INTERFACES LOADED ABOVE 100.0 % OF RATING SET A % 
LOADING VALUES ARE % MVA FOR TRANSFORMERS AND % CURRENT FOR 
NON-TRANSFORMER BRANCHES INCLUDES VOLTAGE REPORT. VOLTAGE 
LIMITS USE NORMAL) result indicates high reliability for the system. 

The dynamic analysis for the machine performance shows that they are stable which can be 
appeared in Fig.6. 

Fig.6 The frequency of the system 

This modified system combines the advantage of both the practical system and the test system 
which are: 
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1. The data used is a data of the practical power systems; also the system configuration 
and the network topology are like those of the practical power systems. 

2. Reasonable model in size, which makes the development and calculation of numerous 
scenarios much easier and less time consuming, also we can have the identification of 
general trends. 

3. The results that can be obtained are convenient to be investigated on practical power 
systems. 

The PV Plant is added to the modified system and four scenarios are proposed to study the 
vulnerability of the system with increase in penetration of PV power level. 

III. Scenarios proposed   

To demonstrate a high penetration of PV, the power generation from PV has been increased 
up from 5% to 30% from the total generation of the network. The PV plants were randomly 
distributed between three plants differs in their locations and centralized and have been 
classified in four scenarios as follow:- 

A. The First scenario is to centralize 5.6% (350MW) on three different plants which 
are on buses 30, 31 and 38 with a same value decreased from the conventional 
machines allocated on those buses. 

B. The second scenario is to distribute and to centralize 11.2% (700MW) on bus 30 
and 38 with a same value decreased from the conventional machines allocated on 
those buses. 

C. The third scenario is to centralize 22% (1400MW) once on bus 30 and another on 

bus 38 with a same value decreased from the conventional machine allocated on 

such bus. 

D. The fourth scenario is to centralize 30% (1850MW) on bus 30 with a same value 

decreased from the conventional machine allocated on such bus and simulating a 

three phase fault on the PV connected bus. 
 

IV. Results of the scenarios   

A. The First scenario result 

The dynamic analysis of this scenario after tripping the PV units shows that the system was 
stable but the voltage profile and the system frequency for tripping the PV units on bus 30 and 
38 better than those on bus 31 which can be indicated in Figure 7 and Figure 8. 
 

Fig.7 Voltage profile when tripping 350 MW 
PV at bus 38 

Fig.8 Frequency of the system when tripping 
350 MW PV at bus 30 

B. The second scenario result 

The dynamic analysis of this scenario after tripping the PV units shows that the system was 
stable which can be indicated in Figure 9 and Figure 10. 

 

 

 



 
 

 
 Cigre Egypt 2019 

 

146 

 

Fig.9 Voltage profile when tripping 700 
MW PV at bus 38 

Fig.10 Frequency of the system when tripping 
700 MW PV at bus 30 

C. The third scenario result 

The dynamic analysis of this scenario after tripping the PV units shows that the system was 
stable but the voltage profile and the system frequency for tripping the PV units on bus 30 
better than those on bus 38 which can be indicated in Figure 11 and Figure 12. 
 

Fig.11 Frequency of the system when 
tripping 1400 MW PV at bus 38 

Fig.12 Frequency of the system when 

tripping 1400 MW PV at bus 30 

D. The fourth scenario result 

The dynamic analysis of this scenario after tripping the PV units complies with the Egyptian 
grid code [8] but the system was critically stable, which can be indicated in Figure 13 and 
Figure 14. 
 

Fig.13 Voltage profile when tripping 1850 
MW PV at bus 30 

Fig.14 Frequency of the system when 
tripping 1850 MW PV at bus 30 
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By simulating a three phase fault on the PV connected bus (B.C.C) the 220 KV bus numbers 2 
and by complying the results with the Egyptian PV code [8] which can be indicated in Fig. 15. 

Fig.15 Voltage response for some cases for a three phase fault on the PV connected bus 

(B.C.C) the 220 KV bus numbers 2. 

The blue circle is the PV code compliance as the PV units work with the same level after the 
fault clearing time (250ms) with good action as the voltage don`t reach zero as stated in the 
code. 

The green circuit case, the fault clearing time is one second and the PV don`t have been 
tripped, the system returned to its stability quickly. 

The grey circuit case, the fault clearing time is one second and the PV have been tripped, the 
system performance is critical and it becomes better by operating the PV units. 

The existence of the PV units during the occurrence of fault and after its clearing time 
improves the performance of the system.  

V. Conclusion    

The work presented herein was carried out after the decision taken in Egypt to build Benban 
project the largest solar farm worldwide, where 1850 MW PV (2% of the total generation) 
units have to be connected to the national Egyptian network. A custom dynamic model of a 
PV plant was built. The Photovoltaic Power Plant is added to the modified 39-bus New 
England test system and the dynamic model of PV array based solar plant, inverter and the 
electrical controller are used from the PSS/E library.  The parameters of the dynamic model 
have been created using real data from the plant. The impact of a large penetration of PV was 
studied through several case studies. The cases were designed to demonstrate the impact of 
PV integration. Those scenarios can drive the system to unstable operating point if protection 
is not designed with proper consideration. More investigation is necessary to come to definite 
conclusions. PV plants connected to a load bus show significantly different behavior in these 
scenarios. Higher penetration of PV could significantly change the voltage profile unless 
regulated. The nowadays standards allow PV plants to play active role in voltage regulation 
and VAR compensation, the dynamic scenery could be a completely stronger than these cases. 
It was found that with large PV plant, the system is more vulnerable to stability problems. 
These results especially the data used are real data also the system configuration and the 
network topology are like those of the practical power systems give an identification of 
general trends, which can be applied on the national Egyptian network to connect the capacity 
considered in Benban 1850 MW PV units and higher power with percentage more than the 
percentage reached in this work after taken the consideration and recommendation of this 
study. 
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SUMMARY 

 

Among all available wind energy conversion systems (WECS), the direct driven permanent magnet 

synchronous generator integrated with power electronic interfaces is becoming popular due to its capability 

of extracting optimal energy capture, reduced mechanical stresses, no need to external excitation current, 
meaning less losses, and more compact size. Simple structure, Low maintenance cost; and its decoupling 

control performance is much less sensitive to the parameter variations of the generator. 

This paper attempts to present a review of the control and optimization strategies of (WECS) based on 

permanent magnet synchronous generator (PMSG) and overview the most recent research trends in this 

field. 

The main aims of this review include; the generalized overall (WECS) starting from turbines, 
generators, and control strategies including converters, maximum power point tracking (MPPT), ending 

with DC-link control. The optimization methods of the controller parameters necessary to guarantee the 

operation of the system efficiently and safely, especially when connected to power grid are also presented. 
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I. INTRODUCTION 

Using renewable energy has become a necessity, not a choice due to the increase in fossil fuel 

price, probability of fuel depletion and demand for clean energy. In recent years, all over the 

world efforts have been made to generate electricity from renewable sources [1,2] such as 

biomass, hydro (small or large scale), solar, tidal and wind.  

Among all the renewable energies, wind energy had the interest of many countries. According 

to the Global Wind Energy Council (GWEC), the total capacity of wind power operating in the 

world reached about 433 GW in 2015, a 22% increase from 2014, representing cumulative 

market growth of more than 17% [3]. 

The wind power generation source is widely recognized as one of the most cost-efficient 

sources of renewable energy [4,5]. The performance of wind energy conversion system 

(WECS) is influenced by many factors such as, the characteristic of the turbines, generators, 

and control systems. Wind Turbines are mainly classified based on the axis of rotation, into 

horizontal axis wind turbines (HAWT) and vertical axis wind turbines (VAWT). In the 

horizontal axis wind turbine, the rotation axis is parallel to the ground, while the axis of rotation 

of (VAWT) is vertical to the ground. 

Many literatures reported that the most of modern wind turbines are horizontal axis wind 

turbines [6-12] due to their advantages such as low cut-in wind speed, self-starting technology, 

high wind energy conversion efficiency.   

In addition, the wind turbines can be classified according to the operating speed into fixed 

and variable speed. For fixed speed operation induction (asynchronous) generator, the system 

is very simple, robust construction, less maintenance and thus the cost is usually low. As a 

drawback, the conversion efficiency is not optimal. 

Moreover, several studies [6- 8, 13-19] emphasize that the most of modern wind turbines are 

currently with variable speed because it has superior features. The variable speed has less 

mechanical stress on various parts of the turbine structure; long lifetime, high overall efficiency 

(MPPT). The main drawbacks of this type are higher initial costs, and more complicated 

electrical part. 

The main variable-speed generator systems include doubly fed induction generator (DFIG), 

permanent magnet synchronous generator (PMSG), switched reluctance (SRG) and Wound 

field synchronous generator (WFSG) as shown in Figure (1). In [20-24] the advantages of DFIG 

as high efficiency, flexible control, variable speed operation (±33% around the synchronous 

speed) and low investment are stated. The stator of DFIG is directly connected to the power 

grid while the rotor is connected to the power grid through a back-to-back converter. It requires 

a partially rated power converter (around a 30% of the generator rated power, which greatly 

reduces the cost of the converters while preserving the capability to control the speed of the 

generator. The major drawbacks are the requirement of the gearbox and having a same speed 

between the rotor and turbine speed [25], losses, and the cost of slip rings and gearboxes [21]. 

The switched reluctance generator (SRG) has many advantages such as simplicity, 

robustness, low manufacturing cost, high speed, and high efficiency make it suitable for wind 

power applications [ 26]. 

In [6-9, 27-29] the advantages of the (PMSG) are mentioned as high flux density, stable and 

cheap permanent magnet (PM) materials, higher reliability, higher efficiency, a good 

power/weight ratio, not requiring complex maintenance, lightweight, low volume, high 

performance and no need for a DC excitation system. Possibility of operation at low speeds and 

without gearbox, results in the reduction of mechanical power losses and increases high torque 

to current ratio. 

Several scientific articles reported that the (PMSG) have become the solution for offshore 

(WECS has been installed on appropriate sites on water) applications [29, 30].  

Another classification of the turbines based on the construction of the generator system, is 



 
 

 

Cigre Egypt 2019 

151 

 

the direct-drive and the geared type [31-33]. Recently, the direct-drive wind turbine system has 

been considered as the most attractive due to its characteristics [17, 18, 34] such as less 

maintenance, higher efficiency, wide operating range with wind speed, higher reliability and 

better performance.  

The wind energy application is characterized by low speed, high torque operation [35].  

 

This paper is organized as follows: In second section, modelling of a wind turbine is 

presented. Third section deals with PMSG model. Fourth section is devoted to control strategies 

and covering the main points including converters, maximum power point tracking, and pitch 

control, seal this point with a mention of dc-link control. The optimization techniques are 

covered in section five; finally, the conclusion and future work are discussed in section six. tage 

II. WIND TURBINE MODEL 

The amount of power captured by the blade of a wind turbine can be expressed as [36]:  

 

Pw = 
�
�ρπR� Vw

3Cp (λ, β)         (1) 

Where: Pw is the kinetic energy in joule, ρ is the air density in Kg/m3, A is the swept area in 

m2, L is the length in m, Vw is the wind speed in m/s. 

R is the blade radius in m, Cp is the power coefficient, λ is the tip speed ratio, β is the blade 

pitch angle in degree. The power coefficient is defined by [37]: 

 

C��λ, β� � 0.5�λ� � 0.022�� � 5.6����.����                                                        (2) 

The tip speed ratio depends on the rotational speed of the shaft (ωm) and the wind speed as 

illustrated below [38]: 

λ= 
�m�
��            (3) 

The maximum extracted power of the wind turbine generator (P_max) is given as [39]: 

 

P !" � 0.5ρπR� $%&'�()*+
,
C-�.�/       (4) 

λ.�/	is the optimum tip speed ratio.  

The characteristics of turbine power as a function of the rotor speed under different wind 

speeds are shown in Fig. 1. 

 

 

Fig. 1: Characteristics of turbine power as a function of the rotor speed under different wind speeds 
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III. PMSG MODEL 

The voltage equations of PMSG are expressed in d-q reference frame as [40]: 

 

Vds = Rsids+L23 24562/  - ω8 Lqsiqs         (5) 

Vqs= Rsiqs+L93 	24:62/  + ω8 Ldsids+	ω8φ8       (6) 

 

Where Vds and Vqs are d and q components of stator voltages (V), ids and iqs are d and q 

components of stator currents (A), Rs is stator resistance (ohms), Lds and Lqs are armature 

winding inductances (H), ωr is the electrical speed (rad/s) and φr is the magnetic flux (wb). The 

electromagnetic torque Te is obtained through the following equation [40]:  

 

Te = P (ω8i<=+ (Lds- Lqs) idsiqs)        (7) 

 

IV. CONTROL STRATEGIES  

Efforts have been made to tackle challenges associated with control of (WECS) which can be 

achieved by using classical controllers such as proportional plus integral (PI) or modern ones 

as sliding mode control, fuzzy logic control, robust control, adaptive control [24].  

Different control strategies are necessary in all parts of the WECS. For power systems 

applications, the most classical control methods need mathematical models that are not easy to 

develop and may contain parameters, which are difficult to measure, or may change during the 

system operation. In addition, they subjected to some limitations due to the assumptions made 

in designing the control systems such as linearity, time-invariance. These disadvantages can be 

overcome by using artificial intelligence (AI) based control techniques. These AI techniques 

can be used even when the mathematical model of the system is not known. 

There are many studies confirmed that, the proportional–integral (PI) controller is the most 

commonly used in industry because of its merits such as simplicity of operation, ease of design 

and effectiveness for most linear systems [41,42,43]. The main disadvantages of using the (PI) 

controller with power system are difficult tuning and obtaining the optimal parameters due to 

the nonlinearity and the complexity of the system [43-44]. Sliding mode method is more robust 

to the parameter variations of the wind turbine system, fast dynamic response [45], but when 

the control variables are changed suddenly the chattering phenomena occur and cause high 

stress on the system [36]. 

A. Converters control 

The main objectives of power converter are ensuring the maximum possible power flow 

from the generator to the grid/load according to power quality requirements [46], controlling 

the generator frequency and voltage [47].  There are various topologies of Power converters 

with different features can be utilized with (WECS). The most popular topology that integrated 

into the PMSG [29,47] is AC-DC-AC converter as shown in Fig.  2, which consists of two 

converters generator side, grid side aa DC - link voltage capacitator. The converter connected 

to the generator is used as a rectifier and regulate the speed to insure maximum power point 

tracking controller, while the converter connected to the grid is a voltage source converter [48] 

used as an inverter, transfer the energy from the PMSG side to the grid, and regulate the DC-

link voltage [49].  
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Fig. 2 Converter used with PMSG 

 

The advantage of this topology is the capacitor decoupling between the grid converter and 

the generator converter, which provides separate control of the two converters and the electrical 

frequency of the generator can be changed independently from the grid [30].  

Two main control methods can be used to control the generator mechanical torque or power: 

(i) load angle control; and (ii) vector control which based on dq components and offers a more 

accurate dynamic response [50]. 

In [51] the main topologies of machine side converter connected to a PMSG are reviewed. A 

comparative study with advantages and disadvantages of each type is presented and 

demonstrated that a multilevel converter is preferable in case of high power generation, while 

for low-power generators, high power discontinuous conduction mode (DCM) boost converters 

are a suitable choice. 

In [52] a comparative study of rotor flux-oriented Control and direct torque control (DTC) 

techniques applied in generator side converter of (PMSG) was presented. For grid side 

converter, various control Schemes are established mainly based on voltage-oriented control 

(VOC) or on direct power control (DPC). A Comparative study is done among the different 

control schemes include voltage-oriented control with PI controllers, Stationary (VOC) with 

proportional resonant controllers, Synchronous virtual flux oriented control with PI controller, 

Adaptive hysteresis current control, Direct power control with space vector modulation, and 

Virtual flux DPC with SVM. Connection requirements of wind turbine to grid, and grid 

synchronization, are also presented. 

B. Maximum power point (MPPT) & pitch control 

MPPT control is applied when the wind speed is less than the rated speed; the rotor 

speed is adjusted at the maximum power point.  MPPT controller tracks the maximum peak 

regardless of wind speed.  

Various control techniques are presented in the literatures for the maximum power point 

tracking (MPPT) algorithms. In [53] a comprehensive review, regarding the features of the most 

common techniques including tip speed ratio control, Optimal torque (OT) control, Power 

signal feedback (PSF) control, and Perturbation and observation (P&O) control based on the 

efficiency and the speed of response is presented. The simulation analysis concluded that the 

OT method surpass in terms of simplicity and accuracy. 

 [54] suggested pitch angle control scheme based on the fuzzy logic. The generator output 

power and speed are used as control input variables for the fuzzy logic controller (FLC) to 

produce the pitch angle reference. The designed controller based on small signal analysis, limits 

the turbine output power and the turbine speed at their ratings, without need any additional data.  

In [55] a novel flux space vector-based direct-torque control (DTC) scheme for (PMSGs) is 

suggested. They predicted the desired stator flux vector for the next time-step by using the data 

of torque and stator flux. They employed the space-vector modulation (SVM) to generate the 

reference voltage vector. Comparative study showed superiority of proposed method than the 

conventional DTC method in term of a fixed switching frequency, lower flux, torque ripples, 

and less dependent on machine parameters (stator inductances and permanent magnet flux 

linkage). The advantages of the proposed DTC scheme are reported as applicability for both 

non-salient-pole and salient-pole PMSGs. The overall control scheme is simple to implement 

and is robust to parameter uncertainties and variations of the PMSGs. 
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[56] Proposed a feedback linearization controller-based particle swarm optimization 

technique.  The used method maximizes the power captured by WECS and grantees robustness 

and quality of the output energy. Succeed in maintaining the tip speed ratio at its optimal value 

by using a rotational speed loop. The simulation results showed suitable dynamic of the 

conversion system using the proposed method. 

[57] Combined an artificial neural network (ANN) -based reinforcement learning (RL) 

method and the Q learning method to learn the MPPT algorithm how to get the optimal 

relationship between the rotor speed and electrical power from its own experience. The 

proposed online learning algorithm allows the WECS to perform like an intelligent agent with 

memory. The online RL process can be reactivated any time when the actual optimal 

relationship deviates from the learned one due to the aging of the system or a change in the 

environment.  

[58] Achieved maximizing the generated power of a PMSG by using Maximum Power Point 

Tracking (MPPT) and a pitch control scheme. Control strategy based on Vector Control (VC) 

theory is applied to the generator and grid side converters. The direct Power Control (DPC) of 

three phases PWM inverter is applied. The performance of system has been tested under varying 

wind and the grid fault conditions. The results of the investigations have shown that the 

capability of proposed control for regulating both the reactive and active power independently. 

[59] Designed sensor-less control strategy to track the maximum power point. Voltage and 

current sensors were used to build the control law. The mechanical variables were calculated 

by using a nonlinear Luenberger-like. The results of the investigations have proved that the 

system performance is similar to that obtained with controllers that require a mechanical sensor. 

[60] Proposed a control strategy for large-scale WECS to maximize the output power and 

minimize the operating cost. The control strategy is applied by combining uncertainty set  with 

intelligent maximum point power tracking  to WECS. The problem is expressed by semi-

definite programming (SDP) technique. The comparative study between the proposed control 

and the conventional MPPT control shows surpass the efficiency of suggested control method.  

[61] Presented a review of pitch angle control methods and evaluated the effectiveness of 

these methods at certain parameters. Advantages, disadvantages and limitation of different 

control technique is discussed. The most recent strategy of control technique and current trend 

of research approach towards stability and Controllability of WECS was presented. 

C. DC-link voltage control 

The capacitor used in the dc-link is considered as an energy storage device. The dc-link 

controller regulates the capacitor voltage.  

 [62] Enhanced Low Voltage Ride Through capability (LVRT) by modelling a new controller 

based on Sliding Mode (SM) controller of Back-To-Back (BTB) converters. The comparison is 

made between the performance of SM&PI controllers indicates that the superiority of the SM 

in term of removing oscillations from dc-link voltage and reducing the converter voltage and 

current stresses.  

[63] Developed a control strategy for the generator side converter of a PMSG-based small-

scale wind turbine. The generator torque is Controlled to extract maximum power by using only 

one active switching device [insulated gate bipolar transistor (IGBT)]. The extra energy is 

dissipated in the dump-load resistor. Simulation results showed that the proposed control could 

extract maximum power and regulate the voltage and frequency under varying wind and load 

conditions.  

 [64] Designed an active disturbance rejection control ADRC approach to eliminate lumped 

disturbances (the system uncertainties and external forces) in WECS based on direct-driven 

(PMSG). With the aim of extracting maximum power from the wind turbine below the rated 

speed. The ADRC design included the available model information into a next ended state 

observer (ESO) to compensate the lumped disturbance. The simulation study showed that the 

proposed technique has strong robustness and superior in performance than the traditional 
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ADRC approach. 

 [65] Studied the dynamic performances by using wind turbine simulator. The connection 

between the wind turbine and generator was achieved by two back-to-back converters. They 

extracted the maximum power from the wind using optimal torque control (based on PI) and 

supplied the grid with high power /good quality quantities.  The PMSG was controlled by 

vector-control by using conventional PI controller. This wind has verified and validated the 

wind turbine emulator and the efficiency of MPPT control method using a variable wind profile. 

The results showed satisfying performance similar to the actual wind turbine system.  

[66] Determined the maximum power coefficient of two cases of operation case1: fixed-

speed, case2: variable-speed operation. The optimum rotor speed was estimated for case1, while 

the optimum tip-speed ratio and pitch angle were estimated for case2. They concluded that both 

the optimum rotor speed and the optimum tip-speed ratio are more dependent on the Weibull 

scale parameter than the Weibull shape parameter. The produced energy is more influences by 

the mean wind speed than the distribution shape. The difference of energy produced from the 

two cases is increased when the mean wind speed increases. 

[67] Studied the dynamic performance of (PMSG) under wind and load circumstances. The 

injected active and reactive power was regulated by using active and reactive power (P-Q) 

control method that adjusted DC link voltage, active and reactive power.  

[68] Applied a matrix converter based on modified hysteresis current control to connect the 

WECS equipped with PMSG to the grid. They showed the effectiveness of this technique and 

fast dynamic response under different wind speeds. This method has also been reported to 

reduce the current ripples of the injected power to the grid.   

[69] Used adaptive fuzzy controller to tune the parameters of traditional PI controller for both 

generator and grid side converter. The control scheme is developed based on field orientation 

control. The results indicated that the controller combines fuzzy logic to classical PI controller 

effectively improving the dynamic behaviour of the wind farm system. 

[70] Designed a control technique based on variable structure theory (VST) for the generator 

side converter of PMSG. The results demonstrated the effectiveness of this approach to regulate 

the DC link voltage and showed a very good behaviour in transient and steady state conditions 

of the system. 

[71] Studied the transient stability of PMSG during symmetrical and unsymmetrical 

disturbance occurred near and far the generator by using vector control technique which is based 

on PI controller for both generator and grid side converters. They also reported that the proposed 

controller improves the LVRT capability. It has been noted that the fault occurred near the 

generator is more severe than the far one. 

[72-74] elegantly demonstrated in three separate publications the design of different 

techniques for calculating controller parameters applied in PMSG in order to improve their 

dynamic behaviour. 

A genetic algorithm (GA)-response surface methodology (RSM) and a generalized reduced 

gradient algorithm (GRGA) were designed to calculate the controller parameters, and their 

simulation results were compared. In both approaches, the influence of symmetrical, 

unsymmetrical, as well as permanent faults on the parameters was studied. The GA-RSM 

approach was found to provide a better damping performance compared to the GRG approach. 

In [72], authors compared two approaches for calculating the controller parameters: 1) 

designed by a genetic algorithm (GA) -response surface methodology (RSM) and 2) designed 

by a generalized reduced gradient algorithm (GRGA). In both approaches, they studied 

separately the symmetrical, unsymmetrical, as well as permanent faults. They also concluded 

that the GA-RSM approach has provided a better damping performance compared to the GRG 

approach to enhance the fault ride through capability. 

In [73], authors applied Taguchi method to optimal design the controller parameters in 

cascaded control arrangement of power conversion system attached to the power grid through 
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two back-to-back converters. They compared the designed parameters by Taguchi method with 

that calculated by using a genetic algorithm (GA)-response surface methodology (RSM) under 

the grid transient condition then concluded that the both techniques can use to refine eight 

design variables of four PI controllers.  The Taguchi method seems more flexible than the RSM-

GA method.  

In [74], authors tested the validity of adaptive control technique by using Affine projection 

algorithm to control both generator and grid side converters under different operating conditions 

(actual and user predefine) wind speed. They concluded that the adaptive controller 

performance seems good the same as Taguchi approach.  

[75] Used real time digital simulator (RTDS) and RSCAD in addition to controller-hardware-

in- the loop simulation to model and test the different voltage transient conditions of PMSG. 

They demonstrated the benefits of utilizing the soft and hardware simulators to save the cost of 

installation of a whole system and to avoid the trouble of real transient grid conditions. The 

result validated that the proposed simulators can be used to assess output control of WPGS 

under transient condition. 

[76] Modelled a control strategy based on current controlled voltage source inverter. The 

effectiveness of this method was tested under different grid fault conditions. The results showed 

that the current controlled voltage source inverter enhance the voltage ride through capability 

of the system even during permanent fault state due to unsuccessful reclosing of circuit 

breakers. They reported that the performance of current controlled voltage source better than 

voltage-controlled voltage source inverter during grid fault condition. 

[77] Used Sliding Mode Control to regulate the dc-bus voltage. The simulation results showed 

the controlled quantity operated with sufficient stability, Fast response without overshoot and 

robust performance under different variation and disturbances. 

V. OPTIMIZATION TECHNIQUES 

Different optimization techniques illustrated in Fig. 3, such as particle swarm (PS), fuzzy 

logics and neural networks, have been applied to WECS to guarantee the operation of system 

efficiently.  

 

Fig. 3 Optimization techniques 

 

Many heuristic methods can solve complex, nonlinear problems in the final solution can be 

obtained in short computational time, but the accuracy of solution is not optimal [66]. 

In some cases, due to the difficulty of the problems the heuristic and meta-heuristic methods 

failed to obtain accurate solutions in sensible run times. In these cases, parallel (hybrid) 

processing can be applied [78] that combine features of two or more methods. Most of these 

techniques are applied with single objective or multi-objectives algorithms [79]. 

The main demerit of artificial neural networks is the convergence time and the length of the 

training process [80].  
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The fuzzy logic controller can deal with the nonlinear systems, simple design requirements 

and cheap hardware technology. However, it depends on the designer experience to tune its 

membership functions [81]. 

Genetic algorithm used to solve many optimization problems of electric power systems.[82] 

The harmony search algorithm (HSA) is one of the newest metaheuristic population search 

algorithms [83]. It has applied in different areas due to its advantages such as simple concept, 

is easy to implement, does not need gradient information, and needs sensible amount of 

computational time to find a good solution [84]. 

[78] Presented a review of the computational optimization techniques used with renewable 

energy, including wind, solar, biomass, hydro, Geothermal.  Latest research advances in this 

field were revised. Some of these optimization methods are based on conventional methods, 

such as mixed-integer and interval linear-programming, Lagrangian relaxation, quadratic 

programming, and Nelder–Mead Simplex search, while the others solve these problems by 

utilizing heuristic optimization methods, especially genetic algorithms and particle swarm 

optimization. Some researchers have solved multi-objective problems related to renewable 

energy systems using Pareto-optimization techniques. 

[79] Presented the control strategies, which was manipulated in many literatures based on 

smart, unconventional methods and performances for small-scale wind turbine SSWT. The 

main requirement needed to be achieved are the power efficiency, quality and the system's 

stability in steady state and transient conditions when connecting these systems with the power 

grid.  

[85] Combined the artificial neural network (ANN) with particle swarm optimization (PSO) 

to achieve the maximum power point tracking (MPPT) by controlling the rotor speed of the 

wind generator. By using ANN no need for measuring devices and extracting the maximum 

output power within the short duration. The MPPT control system can enhance the efficiency 

of small wind power generators under the variations of wind speed and load impedance. 

[86] Offered the latest (in time of publication) researches advances in the modelling of 

(WECS), control strategies of controllers and various Maximum Power Point Tracking (MPPT) 

technologies. They concluded that DFIG with back-to-back converter are preferable due to their 

less weight and cost, but in the large capacity wind, turbines employing PMSG’s are the popular 

choice.  In addition, the paper discussed several controllers, which recommended by various 

researchers for DFIG and PMSG systems. The present tendency of WECS toward multi-brid 

technology where all components are integrated within one housing.  

VI. CONCLUSION AND FUTURE WORK  

This paper has reviewed the control of a grid connected PMSG based on variable speed wind. 

The study has begun with the outlines of the generalized overall WECS starting with a brief 

description of different types of turbines, and generators. The mathematical model of turbine 

and PMSG, which is established in d-q reference frame, is presented. Most of the control 

strategies starting with converters, maximum power point tracking (MPPT), and ending with 

the dc-link voltage control are discussed.  

Finally, various optimization schemes of the controller’s parameters, which have been 

presented recently by the researchers, have been described in detail.  

The control branch of PMSG is still an active research area. The control methods can be 

further improved. The future research may also evaluate several types of optimization 

techniques that have not been studied well for PMSG.  

 Most of studies are performed to investigate the steady state and dynamic behaviour of DFIG 

wind turbines. Conversely, few studies have done to understand the dynamic behaviour of 

PMSG.  
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SUMMARY 

 

Egypt is gradually advancing from a power system with old thermal power plants to a 

modern system with a highly efficient combined cycle power plants and an increasing share 

of renewable energies. By 2022, Egypt aims to produce 20 % of the electricity from 

renewables. Benban Solar Park is one important milestone for the modernization of Egypt's 

energy system and with an expected annual production of 3.8 TWh it will be the largest solar 

park in the world by the middle of 2019 [1]. On its own, when it is completed by the end of 

2019, it constitutes about 5 % of the required power of Egypt. However, the nominal power 

of 1.6 GW can pose a significant impact on the transmission grid. To comply with the 

Egyptian Electrical Transmission Company (EETC) grid code in network planning and 

operation, a comprehensive grid study is conducted covering grid code studies as well as 

technical analyses. This paper deals with the technical details of Benban Solar Park and 

presents representative results of the grid impact study. By means of these studies, 

appropriate measures can be identified timely. The planning studies are performed using 

PSS®E, and cover load flow, short circuit and stability [2]. 
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1. INTRODUCTION 
 

Benban Solar Park is located in the South of Egypt in the Aswan Governorate, about 50 km 

north of the High Dam and very close to the Luxor-Aswan highway. This area has a very high 

potential of solar radiation, but on the other hand it is sparsely populated and the generation at 

this location needs to be transported several 100 km to the main demand regions towards the 

north and south. Since Egypt is positioning itself as a regional energy hub and is increasing its 

generation capacity, a strong transmission system and appropriate reinforcements are required 

to meet the requirements of a modern energy system with a high security of supply. EETC 

and Siemens started therefore a program of studies to assess which transmission network 

concepts and reinforcements will be needed over the next 10 years (2015-2025) [3]. This 

paper presents the analysis of the Benban Solar Park connection into the EETC transmission 

network. 
 

2. BENBAN SOLAR PARK 
 

Benban Solar Park covers an area of 37.15 km² with 32 lots in total: 27 lots with a capacity of 

50 MW, 3 lots with 20 MW, 1 lot with 25 MW and 1 lot with 30 MW. Each lot is owned and 

commissioned by a different investor and energy company, respectively. As indicated in 

Figure 1, Benban Solar Park is connected by four substations (S1-S4) to the 220 kV network. 

The installed solar generation capacity at each substation is in a range between 350 MW and 

450 MW. 

 
 

Figure 1 Egyptian Transmission Network Diagram in Year 2018 with Benban Solar Park 
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The commissioning of the PV lots starts in February 2018 and will be completed by end of 

2019. Figure 2 presents the expected commissioning schedule of Benban Solar Park. The 

progressive commissioning of the PV lots increases the generation of solar power 

significantly at the beginning of 2019, which results in reaching the 1,000 MW mark by 

March 2019. Until then, each of the four 220 kV/22 kV substations is equipped with three 

175 MVA transformers which results in a total transformer capacity of 2,100 MVA. In order 

to comply with the N-1 criterion of one transformer outage, a fourth transformer is going to be 

installed in S1-S4 in August 2019. This installation increases the infeed reliability of Benban 

Solar Park into the transmission grid and reduces the risk of penalty fees that must be paid to 

the investors in case of network related power curtailment. At a later time substation S3 is 

extended with three 500 kV transformers and Benban Solar Park is also connected to the 

500 kV network.  
 

 
Figure 2 Schedule of Commissioning of Benban Solar Park Generation 
 

 

3. ANALYSIS OF BENBAN PV PARK INTEGRATION 
 

The transmission grid studies focus mainly on the 500 kV and 220 kV network and are based 

on four scenarios. The scenarios cover the demand extremes (minimum and maximum load) 

as well as the operation of Benban Solar Park and the generation in High Dam. The following 

results refer to the load flow situations in July and August 2019, i.e. before Benban Solar Park 

is directly connected to the 500 kV network. Besides the high peak demand of 31.4 GW due 

to the summer conditions in Egypt, the load flow analysis shows critical results in the Benban 

area. The solar peak power generation of about 1,400 MW results in loading close to the 

220 kV line ratings in normal operation in these months.  

The need of upgrading the transmission network from 220 kV to 500 kV is emphasized 

depending on the installed power of the solar park. Evaluating the contingency analysis in 

South and North Upper Egypt identifies potential N-1 violations of several lines as shown in 

Figure 3. The results show that the planned 500 kV substation at Benban is of great 

importance – otherwise substantial reinforcements of the 220 kV network would become 

necessary. 
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Figure 3 Effect of Benban Solar Park Generation on the N-1 Loading of Transmission 

Network Nearby 
 

The analysis of the voltage indicates mainly two measures to improve the voltage in the zones 

North and South Upper Egypt. The voltage results are exemplary shown for different 

configurations in the July 2019 scenario and presented in Figure 4. Firstly, due to the newly 

high infeed in this region, the transformer tap optimization aids in adjusting the 220 kV and 

132 kV voltages within the permissible voltage range (highlighted in grey circle). Secondly, 

adjusting the power factor of Benban Solar Park to 0.95 leading (i.e. supplying VAR to the 

network) results in a significant voltage stability improvement in the Benban area (highlighted 

in green circle). However, as long as the 500 kV substation is not in service, critical voltage 

violations may occur in the 220 kV network (highlighted in red circle). 
 

 
 

Figure 4 Busbar Voltages of Different Network Configurations of the July 2019 Scenario 

 

0

20

40

60

80

100

120

140

160

180

200
N

-1
 L

o
a
d
in

g
 (

%
R

a
ti

n
g
)

Overloaded Elements

1440 MW (100%) 1152 MW (80%) 864 MW (60%) 576 MW (40%)

220 kV 132 kV500 kV

0,45

0,50

0,55

0,60

0,65

0,70

0,75

0,80

0,85

0,90

0,95

1,00

1,05

1,10

1,15

V
o
lt

a
g
e
 (

P
U

)

July N-0, Before Stepping July N-0, After Stepping

July_N-0, Benban @ 0.95PF Leading July_N-1, Benban @ 0.95PF Leading

500 kV 220 kV 132 kV

July N-0, without stepping 

July N-0, Benban with 0.95PF leading

July N-0, with stepping 

July N-1, Benban with 0.95PF leading

Busbars



 
 

Cigre Egypt 2019 

166 

 

Based on historical infeed data of one already commissioned lot, the generation ramping is 

analysed for a time range of three months (March-May 2018) and scaled to the total 

generation capacity of 1,440 MW. The generation difference between 5-minute intervals is 

counted and clustered in 100 MW ramping values. Figure 5 shows the frequency of ramping 

events for specific hours of a day. 98.7 % of the values are within the limits of ±200 MW, i.e. 

the absolute difference within 5 minutes is less than 200 MW. The highest ramping events 

occur with a generation decrease from 1,244 MW to 535 MW, which implies -709 MW/5 min 

on April 20, 2018 around noon. This is an expected ramping of approximately -142 MW/min. 

Four times a ramp up between 600 and 700 MW/5 min is registered, whereof the highest 

generation increase was registered from 666 MW to 1,341 MW on March 26, 2018 in the 

morning, which implies 675 MW/5 min or approximately 135 MW/min. The impact of 

Benban Solar Park ramping are part of future studies of the dynamic stability in the EETC 

network. 

 

 
 

Figure 5 Clustering of Expected Generation Ramping Events of Benban Solar Park 
 

 

4. SUMMARY AND CONCLUSION  
 

Benban Solar Park is another milestone in Egypt’s power generation. The studies show that 

during the time of construction and commissioning loading violations in N-1 occur and the 

direct connection into the 500 kV network is therefore required. Furthermore, changing the 

power factor of the solar park has been identified as a simple and effective solution to solve 

possible voltage issues as long as the 500 kV substation is not in service. The results of these 

studies and derived recommendations will safeguard that the Egyptian power transmission 

network will be fully capable to meet the defined objectives, and to operate within the grid 

code specifications. Further studies will include the interconnection to the Republic of the 

Sudan and the dynamic behaviour in this region.  
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SUMMARY 

 
The paper presents steady-state and transient studies to assess the impact of connecting the 

world’s largest photovoltaic (PV) park at Benban to the 500/220 kV interconnected 

transmission system of Egypt. Three scenarios are considered to connect the Benban PV Park 

to the Egyptian grid: Scenario 1 is the connection to the grid at both 500 and 220 kV levels, 

Scenario 2 is the connection to 220 kV level only and Scenario 3 is the connection to the 500 

kV level only. The DIgSILENT PowerFactory professional software is used to simulate the 

system and to obtain the results in all scenarios. The results include percentage of transmission 

line loadings, busbar voltages, (active and reactive) grid losses, in addition to 3-phase fault and 

1-phase fault levels. Also, simulation studies have been performed to assess the transmission 

system transient responses to Benban Park full outage. Voltage deviation index is also 

calculated and compared in all scenarios.  

The simulated Egyptian grid includes the 500/220 kV grid with existing generating plants, 

in addition to the world’s three largest combined cycle power plants, of 4800 MW each, 

(recently commissioned at Beni Suef, Burullus and New Capital), the world’s largest 

photovoltaic power park of 1800 MW which is under construction at Benban and the 540 MW 

Gabalzeet wind farms. The results have shown that the best choice is to connect Benban PV 

Park to the grid at both 500 kV and 220 kV levels.   
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1. INTRODUCTION 

Egypt is facing many challenges in terms of energy generation and consumption. The 

consumption is in continuous increase due to the increasing of population and expected future 

developments in various fields. In addition to conventional power generation, the Egyptian 

Ministry of Electricity and Renewable Energy is establishing new large solar parks and wind 

farms to cope with the growth of demand.  

Egypt is one of the countries, which has favorable solar energy conditions and good potential 

for solar energy utilization. The amount of solar energy incidence per square meter varies 

between 5 and 8 kWh per day with duration of 3000-4000 hours per year [1]. A national program 

to develop renewable energy systems was started in 1957 in the National Research Center of 

Egypt [1]. Since then many academic institutions have been involved in academic research on 

different aspects of solar cell technology. Some institutions have been involved in field 

applications of Photovoltaic (PV) systems for community development. The potential for 

practical use of PV power was first tested in the field of Basaisa Village in (Al-Sharkiya 

Governorate) in September 1977 [1]. A solar module (18-watt peak) was used to power a 12-inch 

black and white TV set which was installed in the common hall “Mandara” of Basaisa. Since 

then photovoltaic power generation began to be used in various applications in Egypt [1]. 

The PV parks size has increased progressively over the last decade with frequent new 

capacity records worldwide. In Canada, the 97 MW Sarnia Photovoltaic Power Plant went online 

in 2010 [2]. In China, Huanghe Hydropower Golmud Solar Park reached 200 MW in 2012 [3]. In 

August 2012, Agua Caliente Solar Project in Arizona reached 247 MW only to be passed by 

three larger plants in 2013 [4]. In 2014, two plants were tied as largest: Topaz Solar Farm, a PV 

solar plant at 550 MWAC in central coast area and a second 550-MW plant, the Desert Sunlight 

Solar Farm located in the far eastern desert region of California [5]. These two plants were 

superseded by a new larg facility in June 2015 when the 579 MWAC Solar Star project went 

online in the Antelope Valley region of Los Angeles County, California [5]. In 2016, a 

photovoltaic power Longyangxia Dam Solar Park with 850 MW capacity was installed in 

Gonghe County, Qinghai, China [6].  In 2016, Tengger Desert Solar Park with 1547 MW 

capacity was installed in China [7]. In 2018, a park with 1365 MW installed capacity was 

established in India [8]. In Egypt, Benban Photovoltaic Park with a capacity of 1800 MW will be 

the largest photovoltaic power station worldwide (without energy storage). It is located in Upper-

Egypt and will feed the grid and connected through 220 and/or 500 kV transmission grids. 

Electricity utilities over the world perform power system studies by using digital models to 

simulate electric grids. The models are used for long-term and short-term planning studies 

including steady-state and dynamic analyses. These models are based on computer packages with 

versatile facilities to represent large scale power systems, including generators, turbines, exciters, 

transformers, transmission lines, loads and various control devices [9]. DIgSILENT 

PowerFactory software provides highly specialized services in the field of electrical power 

systems for energy transmission, distribution, generation, industrial plants, renewable energy and 

smart grid [10].  

The objective of this paper is to study the impact of the world’s largest photovoltaic park 

(Benban) on the steady-state and transient performances of the Egyptian 500/220 kV grid. Three 

proposed scenarios are considered to connect Benban PV Park to the Egyptian grid: (i) 500 and 

220 kV grids; (ii) 220 kV grid only; and (iii) 500 kV grid only. The steady-state analyses include 

load flow studies, short circuit calculations, contingency analysis and voltage performance. 

Transient analysis includes system voltage and frequency responses to tripping Benban PV park. 

The paper is organized as follows, Section II describes the main power system of Egypt 

levels 500 and 220 kV. Section III provides a brief description about Benban photovoltaic power 

plant. Section IV illustrates the PV and wind systems and modeling. Section V presents the main 

results of load flow, power losses and short circuit analyses. Section VI presents transient 

analysis of Benban photovoltaic park forced outage. Section VII summarizes the main 

conclusions. 
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2. EGYPTIAN POWER GRID 
 

The simulated model of the Egyptian grid has been fully described in [10] which represent 

the conditions at peak demand of 2016.  Here, the model has been updated to include the five 

new power stations and their associated new transmission facilities which are now under 

construction or even partially in service. The new power plants include the world’s three largest 

combined cycle power stations with 4800 MW each (8×400 MW GT + 4×400 MW ST) installed 

capacity; located in Burullus, Beni Suef and New Capital in addition to the Benban world’s 

largest photovoltaic park with 1800 MW under construction near Aswan and the expanded 

Gabalzeet wind farms to reach 540 MW. Briefly, the simulated grid consists of: 23 single-circuit 

500 kV transmission lines, 172 double-circuit 220 kV transmission lines, 23 single-circuit 220 

kV transmission line, 1 four-circuit 220 kV transmission, 38 (500/220 kV) autotransformers, 213 

two-windings unit transformers in addition to loads and static reactive power compensators 

(reactors and capacitors). A geo-schematic diagram of the upgraded Egyptian power grid is 

shown in Figure 1 [11]. In this paper the focus will be on the Upper-Egypt zone which includes 

Benban park. 

Based on the Egyptian Grid Code [12], the 500 kV and 400 kV transmission system shall be 

planned and operated so that no single contingency, at these voltage levels, results in 

unacceptable frequency, voltage or large-scale demand disconnection; this known as (N-1) 

criterion. The 220 kV, 132 kV and 66 kV transmission systems shall be planned and operated so 

that (N-2) criterion is maintained.  

 

3. BENBAN PHOTOVOLTAIC PARK 

The Benban PV power plant with installed capacity 1800 MW site is located in the western 

desert, approximately 40 km northwest of Aswan city. The area designated for the project is a 

desert land owned by the National Renewable Energy Authority (NREA). The project site is 

divided into 41 plots [13]. These are arranged in 4 rows. The plots range in size from 0.3 km2 to 

1.0 km2. The site will have four 220 kV substations, to be developed by NREA and the Egyptian 

Electricity Transmission Company, at the perimeters to the east and south substations [13]. Each 

Benban project will transmit its power from the site boundary to one of the four on-site 

substations using underground cables. For the further evacuation of power from those substations 

the Benban site is close to two transmission corridors. There is a corridor with 2 x 500 kV at a 

distance of approximately 0.5 km from the eastern site border, between the site and Aswan-

Luxor Highway. The second corridor of 220 kV lines is located at a distance of approximately 12 

km [13]. Figure 2 shows the position of the park with respect to the 500 kV transmission grid and 

the 220 kV transmission grid. 

 

4. PHOTOVOLTAIC AND WIND ENERGY SYSTEMS 

 

A. Photovoltaic System 

A photovoltaic system is a green power source, which converts sunlight directly to electricity. 

The main advantages of the PV systems are that they require no fuel, produce no emissions, and 

involve no moving parts. Figure 3 shows the main components of a PV power plant, it consists of 

a large number of solar arrays, DC/DC converters, DC/AC inverters, filters, and step up 

transformers [14]. A solar panel, which consists of several solar cells, produces only a small 

amount of current and voltage. In order to produce a large amount of electric power, the solar 

panels are connected into arrays. The output voltage from a PV array changes with solar 

radiation and ambient temperature. In order to connect the PV system to the transmission grid, 

the output DC voltage from PV system should be first regulated by a DC/DC converter and then 

converted to AC voltage by a DC/AC inverter. A filter is used to eliminate harmonics. The power 

electronic components (DC/DC converter, DC/AC inverter, and filter) have the tasks to 
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guarantee safe and efficient operation, to track the maximum power point of the PV system, and 

to maintain power quality of the PV system output [14]. 

The photovoltaic park is represented in DIgSILENT as a static generator [10]. The static 

generator has 3 modes of operation which are PQ mode, voltage control mode and droop mode 

[10]. In this research the mode of operation is selected to be voltage control mode and the 

reactive power limits are set to achieve 0.95 lead and 0.95 lag (at rated output) based on the 

Egyptian grid code for integrating medium and large scale solar systems to the grid as illustrated 

in Figure 4. [15, 16]. 

 

B. Wind Farm 

DIgSILENT includes two built-in DFIG models. The first will be referred to as model 1 in 

the following while the second will be referred to as model 2 in the following. In model 1, the 

rotor side’s power factor is controlled to be one. The controller is however not instantaneous and 

small amounts of reactive power are either produced or consumed [10]. In model 2, the DC-link 

is hidden, specifically concerning the load flow calculations [10]. With model 1, it is only 

possible to define the active and reactive powers produced by the stator. There is no possibility to 

define it as a voltage control or PQ bus. This puts some strong limitations on the load flow 

behavior of this model, since we are generally interested in total power and not only stator 

power. With model 2 however, the user can define the generator bus as a voltage control or PQ 

bus [10]. In this research wind generation is simulated as model 2 and defined as voltage control 

bus. 

 

 
Figure 1: Geo-schematic diagram of the upgraded Egyptian power grid [11]. 
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Figure 3: Photovoltaic generating system main components. 

 
 

 

Figure 4: P-Q capability chart for renewable power plants [15] 

Left for the medium-scale solar parks 

Figure 2: Benban photovoltaic park and 500 /220 kV transmission grids [13]. 
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Right for the large-scale solar parks 

 

5. STEADY STATE ANALYSIS 

The aim of the study is to assess the impact of Benban photovoltaic park connection to the 

500/220 kV transmission grid. The assessment will be presented in terms of line loadings, 

busbars voltages, three-phase and single-phase fault levels and total losses in each scenario. The 

three scenarios for the park connection to the grid are: 

 

1. Connection to both 500 kV and 220 kV grids by connecting Benban to the 220 kV using 

line in line out of the transmission line between Rabt El-Khazan and Luxor substations 

and also connecting the park to the 500 kV using line in line out to the 500 kV 

transmission line between High Dam (HD) and Nagi Hamady (NH) substations. In this 

scenario, 220/500 kV step-up transformers are required.  

2. Connection to the 220 kV grid only by connecting Benban to the 220 kV by using line in 

line out of the transmission line between Rabt El-Khazan and Luxor substations. 

3. Connection to the 500-kV grid only by using line in line out of the 500 k V transmission 

line between HD and NH substations. 

 

Load flow studies are performed and the results are listed in Tables I, II and III. Table I 

shows that the voltages at all the buses with all scenarios are within the allowable range 95 – 

105% of the rated values. Table II shows that all the lines in Scenario 1 and Scenario 3 are 

loaded below the lines thermal limits while there are two lines in the Scenario 2 highly 

overloaded above the thermal limits. This indicates that if the park is connected to the 220 kV 

grid only, reinforcements for the overloaded lines are required. Table III shows that Scenario 1 

results in lower total active and reactive power losses compared to the corresponding losses in 

the other two connection scenarios. 

 

Table I 

Busbar voltage in normal conditions 

Bus bar Name Nominal (kV) 
Voltage (PU) 

Scenario 1 Scenario 2 Scenario 3 Without PV 

Al-Khazan 220 1.00 1.02 1.00 0.99 

Benban 500 500 0.99 NA 0.99 NA 

Benban220 220 1.00 1.01 1.00 NA 

HD220 220 1.00 1.01 1.00 0.99 

HD500 500 1.00 1.03 1.00 0.98 

NH220 220 0.97 0.97 0.97 0.97 

NH500 500 1.00 1.00 1.00 1.00 

NOKRA 220 1.00 1.01 1.00 0.99 

Rabt El-Khazan 220 1.00 1.01 1.00 0.99 

Refa 220 0.97 0.97 0.97 0.97 

Salwa 220 0.99 1.00 1.00 0.99 

Sfaga 220 0.96 0.97 0.96 0.96 

South Qena 220 0.97 0.97 0.97 0.97 

Gerga 220 0.95 0.95 0.95 0.95 
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Tama 220 0.96 0.96 0.96 0.96 

 

Table II 

Line loading at normal conditions 

Line Nominal 

Voltage 

(kV) 

Line Loading (%) 

From To Scenario 1 Scenario 2 Scenario 3 
Without 

Benban 

NH500 Benban 500 500 20.53 NA 22.04 NA 

HD500 Benban 500 500 8.81 NA 7.28 NA 

NH500 HD500 500 NA 20.23 NA 23.59 

HD220 Rabt Khzan 220 48.82 188.16 40.28 38.90 

NOKRA Salwa 220 33.76 47.59 3.71 3.68 

Rabt Khzan Salwa 220 37.24 44.74 56.34 62.27 

Armanet Salwa 220 24.00 31.03 19.12 21.13 

Luxor Armanet 220 38.80 59.71 19.63 20.95 

Salwa Luxor 220 46.89 60.32 36.94 40.39 

South Qena NH220 220 19.11 13.88 24.45 22.25 

South Qena Luxor 220 47.5 59.71 37.97 40.89 

Gerga NH220 220 19.35 20.73 19.19 19.69 

Tama Gerga 220 57.1 56.02 57.82 57.48 

Rabt Khzan Benban220 220 4.81 145.39 NA NA 

 
  

Table III 

Total active and reactive power losses in the 500/220 kV Egyptian grid 

Grid losses Scenario 1 Scenario 2 Scenario 3 

Total Active Power Losses (MW) 807.86 845.26 829.41 

Total Reactive Power Losses (MVAR) 6540.53 7119.10 6685.42 

 

Short-circuit studies are performed and the results are listed in Table IV. The three-phase and 

single phase short circuit currents in are all in the allowable range for all the scenarios.  

Transmission line contingency analyses are performed to assess the effect of line outages in 

each scenario. Table V shows that there are three lines highly overloaded in Scenario 2 if 

Benban-Rabt khazan double circuit line went out of service (N-2) while in Scenario 1, the 

loading will remain below the thermal limits at this outage. The voltage magnitudes have been 

calculated for this contingency, and we found that in Scenarios 1 Scenario 2 the voltages are 

within the allowable range. Table VI shows the loading of the lines if a single circuit outage 

occurred in the HD-Benban 500 kV line (N-1). It is noted that all lines are loaded below their 

thermal limits. It is also noted that the voltage magnitudes at all busbars are within the allowable 

range in Scenario 1 and Scenario 3. 
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Table VII illustrates that the Benban Park can be connected to the 220 kV grid only till 60% 

of its total capacity without any exceeding the thermal limits of the lines. The results show the 

three lines which are overloaded based on the results of normal operating conditions and line 

contingency shown in Table II and Table V respectively. The maximum capacity of Benban park 

in Scenario 2, without enforcements, is about 1100 MW. 

Table IV 

Three-phase and single-phase short circuit currents 

Bus bar Name 

Nominal   

Voltage  

(kV) 

Fault Current (kA) 

Scenario 1 Scenario 2 Scenario 3 

3-ph. 1-ph. 3-ph. 1-ph. 3-ph. 1-ph. 

AL Khzan 220 22 18 22 21 23 21 

Benban 500 500 13 12 NA 12 10 

Benban220 220 21 19 22 20 11 9 

HD220 220 22 19 19 17 18 16 

HD500 500 18 17 18 17 17 14 

NH220 220 17 16 17 16 17 14 

NH500 500 13 11 12 10 12 9 

Nokra 220 10 9 9 8 3 3 

Rabt Khzan 220 23 21 18 15 22 21 

Refa 220 16 14 16 13 17 14 

Salwa 220 8 8 8 6 8 6 

Sfaga 220 7 6 7 5 7 6 

South Qena 220 12 11 12 10 11 10 

Gerga 220 11 10 11 9 11 8 

Tama 220 11 9 11 8 11 10 

 

Table V 

Line loading in case of outage of 220 kV line between Rabt Khazan and Benban  

(two circuits outage) 

Transmission Line Nominal 

Voltage (kV) 

Line Loading (%) 

From To Scenario 1 Scenario 2 

NH500 Benban 500 500 20.31 NA 

HD500 Benban 500 500 12.88 NA 

NH500 HD500 500 NA 21.65 

HD220 Rabt Khzan 220 60.54 127.78 

NOKRA Salwa 220 57.03 76.16 

Armanet Salwa 220 24.61 26.11 

Luxor Armanet 220 19.93 24.89 

Salwa Luxor 220 37.74 40.96 

South Qena NH220 220 23.99 18.54 
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Transmission Line Nominal 

Voltage (kV) 

Line Loading (%) 

From To Scenario 1 Scenario 2 

South Qena Luxor 220 36.64 49.20 

Benban Luxor 220 19.29 147.17 

Tama Gerga 220 57.75 56.74 

Rabt Khzan Salwa 220 14.97 121.89 

 

Table VI 

Line loading in case of 500kV line outage connecting between HD and Benban  

(single circuit outage) 

Transmission Line Nominal 

Voltage (kV) 

Line Loading (%) 

From To Scenario 1 Scenario 3 

NH500 Benban 500 500 41 69 

HD500 Benban 500 500 22 20 

NH500 HD500 500 NA NA 

HD220 Rabt Khzan 220 44 54 

NOKRA Salwa 220 24 4 

Armanet Salwa 220 21 27 

Luxor Armanet 220 22 27 

Salwa Luxor 220 41 52 

South Qena NH220 220 23 17 

South Qena Luxor 220 42 52 

Benban Luxor 220 13 NA 

Tama Gerga 220 57 57 

Rabt Khzan Salwa 220 38 80 

 

Table VII 

Line loadings in Scenario 2 when the park operated at different capacities 

Park generated power in 

MW 

(% of park full capacity) 

HD220-Rabt 

Khazan line 

loading in %  

Benban-Rabt Khazan 

line loading in % 

Benban-Luxor line 

loading in % 

0 (0%) 32 83 12 

180 (10%) 11 61 14 

360 (20%) 10 39 18 

540 (30%) 21 28 19 

720 (40%) 54 10 21 

900 (50%) 75 30 23 

1080 (60%) 98 53 24 

1260 (70%) 120 75 26 
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Park generated power in 

MW 

(% of park full capacity) 

HD220-Rabt 

Khazan line 

loading in %  

Benban-Rabt Khazan 

line loading in % 

Benban-Luxor line 

loading in % 

1440 (80%) 142 98 28 

1620 (90 %) 164 121 30 

1800 (100%) 188 145 32 

 

 

6. TRANSIENT STUDIES 

Simulation studies have been performed to assess the transmission system transient responses 

to the Benban photovoltaic park outage; assuming that the busbar connecting the park to the grid 

was considered as a voltage controlled bus. The dynamic model of the system is used. Sample 

results are presented here to show the performance of the system when it is subjected to 

photovoltaic generation contingency in each scenario. Figure 5, Figure 6 and Figure 7 show the 

voltage and frequency responses at some busbars in the Upper Egypt region. The figures show 

the responses to tripping the Benban photovoltaic park when it is supplying 1800 MW to the grid 

in the three scenarios. The transient results show that the transmission system is stable and 

capable of withstanding this type of severe forced outage in the three scenarios. 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Voltage and frequency responses when the system is subjected to Benban park outage 

in Scenario 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Voltage and frequency responses when the system is subjected to Benban park outage 

in Scenario 2. 
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Figure 7. Voltage and frequency responses when the system is subjected to Benban park outage 

in Scenario 3. 

The reason behind the increase in voltages in Figures 5 and 6 after the outage of the 

photovoltaic park is that Benban park was operated as a voltage control bus and was absorbing 

reactive power. When it goes suddenly out of service, the released reactive power increases the 

voltage magnitudes of some load buses. It is also noted that the frequency deviation will reach 

zero Hz after some oscillations in the three scenarios due to the presence of enough reserve. 

Table VIII shows a comparison of system performances in the three scenarios in terms of 

voltage deviation index (VDI) [17] as illustrated in (1). The number of load buses in the simulated 

Egyptian power system is equal to 81. 

��� � � �
��∑ 
��� � ��
������                                                                                                     (1)  

 
where: 

�� is the number of load buses 

��� is the nominal voltage of the load bus 

�� is the actual load bus voltage  
 
The results in Table VIII show that Scenario 1 achieves the minimum voltage deviation index 

which indicates that the voltage profile in this scenario is better than that of Scenario 2 and 

Scenario 3. 
 

Table VIII 
Voltage Deviation Index 

Case 
Voltage Deviation Index 

Scenario 1 Scenario 2 Scenario 3 

Park outage (Voltage control bus) 0.024 0.029 0.028 

Park outage (PQ bus) 0.022 0.028 0.026 

HD-NH 500 kV line (single circuit outage) NA 0.031 NA 

HD-Benban 500 kV line (single circuit outage) 0.024 NA 0.031 

NH-Benban 500 kV line (single circuit outage) 0.027 N/A 0.029 

Benban-Luxor 220 kV line (double circuit outage) 0.024 0.034 NA 
 

 

7. CONCLUSION 

The study presented comparison between the system performance when Benban photovoltaic 

park is connected to the Egyptian grid at three different scenarios. The results show that the 

connection using scenario 1 (connecting the park to both 500 and 220 kV grids) has better 
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performance than that of the other two scenarios in terms of total power losses. The results also 

show that operating the park at more than 60% of its capacity will lead to lines overloading if it is 

connected to the 220 kV grid only which requires lines reinforcement for this scenario to be 

implemented. The results also proved that scenario 1 has the best performance in terms of 

voltage deviation index when the system is subjected to the park outage when operated as a 

voltage control bus and as a PQ bus.  The results also prove that park outage don’t drive the 

system to a frequency deviation due to the presence of high reserve in addition the photovoltaic 

park drives the system to achieve better voltage deviation index in different cases using scenario 

1 than that of the other scenarios. 
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SUMMARY 

 
The paper presents steady-state and transient studies to assess the impact of connecting the 

world’s largest photovoltaic (PV) park at Benban to the 500/220 kV interconnected 

transmission system of Egypt. Three scenarios are considered to connect the Benban PV Park 

to the Egyptian grid: Scenario 1 is the connection to the grid at both 500 and 220 kV levels, 

Scenario 2 is the connection to 220 kV level only and Scenario 3 is the connection to the 500 

kV level only. The DIgSILENT PowerFactory professional software is used to simulate the 

system and to obtain the results in all scenarios. The results include percentage of transmission 

line loadings, busbar voltages, (active and reactive) grid losses, in addition to 3-phase fault and 

1-phase fault levels. Also, simulation studies have been performed to assess the transmission 

system transient responses to Benban Park full outage. Voltage deviation index is also 

calculated and compared in all scenarios.  

The simulated Egyptian grid includes the 500/220 kV grid with existing generating plants, 

in addition to the world’s three largest combined cycle power plants, of 4800 MW each, 

(recently commissioned at Beni Suef, Burullus and New Capital), the world’s largest 

photovoltaic power park of 1800 MW which is under construction at Benban and the 540 MW 

Gabalzeet wind farms. The results have shown that the best choice is to connect Benban PV 

Park to the grid at both 500 kV and 220 kV levels.   
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1. INTRODUCTION 

Egypt is facing many challenges in terms of energy generation and consumption. The 

consumption is in continuous increase due to the increasing of population and expected future 

developments in various fields. In addition to conventional power generation, the Egyptian 

Ministry of Electricity and Renewable Energy is establishing new large solar parks and wind 

farms to cope with the growth of demand.  

Egypt is one of the countries, which has favorable solar energy conditions and good potential 

for solar energy utilization. The amount of solar energy incidence per square meter varies 

between 5 and 8 kWh per day with duration of 3000-4000 hours per year [1]. A national program 

to develop renewable energy systems was started in 1957 in the National Research Center of 

Egypt [1]. Since then many academic institutions have been involved in academic research on 

different aspects of solar cell technology. Some institutions have been involved in field 

applications of Photovoltaic (PV) systems for community development. The potential for 

practical use of PV power was first tested in the field of Basaisa Village in (Al-Sharkiya 

Governorate) in September 1977 [1]. A solar module (18-watt peak) was used to power a 12-inch 

black and white TV set which was installed in the common hall “Mandara” of Basaisa. Since 

then photovoltaic power generation began to be used in various applications in Egypt [1]. 

The PV parks size has increased progressively over the last decade with frequent new 

capacity records worldwide. In Canada, the 97 MW Sarnia Photovoltaic Power Plant went online 

in 2010 [2]. In China, Huanghe Hydropower Golmud Solar Park reached 200 MW in 2012 [3]. In 

August 2012, Agua Caliente Solar Project in Arizona reached 247 MW only to be passed by 

three larger plants in 2013 [4]. In 2014, two plants were tied as largest: Topaz Solar Farm, a PV 

solar plant at 550 MWAC in central coast area and a second 550-MW plant, the Desert Sunlight 

Solar Farm located in the far eastern desert region of California [5]. These two plants were 

superseded by a new larg facility in June 2015 when the 579 MWAC Solar Star project went 

online in the Antelope Valley region of Los Angeles County, California [5]. In 2016, a 

photovoltaic power Longyangxia Dam Solar Park with 850 MW capacity was installed in 

Gonghe County, Qinghai, China [6].  In 2016, Tengger Desert Solar Park with 1547 MW 

capacity was installed in China [7]. In 2018, a park with 1365 MW installed capacity was 

established in India [8]. In Egypt, Benban Photovoltaic Park with a capacity of 1800 MW will be 

the largest photovoltaic power station worldwide (without energy storage). It is located in Upper-

Egypt and will feed the grid and connected through 220 and/or 500 kV transmission grids. 

Electricity utilities over the world perform power system studies by using digital models to 

simulate electric grids. The models are used for long-term and short-term planning studies 

including steady-state and dynamic analyses. These models are based on computer packages with 

versatile facilities to represent large scale power systems, including generators, turbines, exciters, 

transformers, transmission lines, loads and various control devices [9]. DIgSILENT 

PowerFactory software provides highly specialized services in the field of electrical power 

systems for energy transmission, distribution, generation, industrial plants, renewable energy and 

smart grid [10].  

The objective of this paper is to study the impact of the world’s largest photovoltaic park 

(Benban) on the steady-state and transient performances of the Egyptian 500/220 kV grid. Three 

proposed scenarios are considered to connect Benban PV Park to the Egyptian grid: (i) 500 and 

220 kV grids; (ii) 220 kV grid only; and (iii) 500 kV grid only. The steady-state analyses include 

load flow studies, short circuit calculations, contingency analysis and voltage performance. 

Transient analysis includes system voltage and frequency responses to tripping Benban PV park. 

The paper is organized as follows, Section II describes the main power system of Egypt 

levels 500 and 220 kV. Section III provides a brief description about Benban photovoltaic power 

plant. Section IV illustrates the PV and wind systems and modeling. Section V presents the main 

results of load flow, power losses and short circuit analyses. Section VI presents transient 

analysis of Benban photovoltaic park forced outage. Section VII summarizes the main 

conclusions. 
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2. EGYPTIAN POWER GRID 
 

The simulated model of the Egyptian grid has been fully described in [10] which represent 

the conditions at peak demand of 2016.  Here, the model has been updated to include the five 

new power stations and their associated new transmission facilities which are now under 

construction or even partially in service. The new power plants include the world’s three largest 

combined cycle power stations with 4800 MW each (8×400 MW GT + 4×400 MW ST) installed 

capacity; located in Burullus, Beni Suef and New Capital in addition to the Benban world’s 

largest photovoltaic park with 1800 MW under construction near Aswan and the expanded 

Gabalzeet wind farms to reach 540 MW. Briefly, the simulated grid consists of: 23 single-circuit 

500 kV transmission lines, 172 double-circuit 220 kV transmission lines, 23 single-circuit 220 

kV transmission line, 1 four-circuit 220 kV transmission, 38 (500/220 kV) autotransformers, 213 

two-windings unit transformers in addition to loads and static reactive power compensators 

(reactors and capacitors). A geo-schematic diagram of the upgraded Egyptian power grid is 

shown in Figure 1 [11]. In this paper the focus will be on the Upper-Egypt zone which includes 

Benban park. 

Based on the Egyptian Grid Code [12], the 500 kV and 400 kV transmission system shall be 

planned and operated so that no single contingency, at these voltage levels, results in 

unacceptable frequency, voltage or large-scale demand disconnection; this known as (N-1) 

criterion. The 220 kV, 132 kV and 66 kV transmission systems shall be planned and operated so 

that (N-2) criterion is maintained.  

 

3. BENBAN PHOTOVOLTAIC PARK 

The Benban PV power plant with installed capacity 1800 MW site is located in the western 

desert, approximately 40 km northwest of Aswan city. The area designated for the project is a 

desert land owned by the National Renewable Energy Authority (NREA). The project site is 

divided into 41 plots [13]. These are arranged in 4 rows. The plots range in size from 0.3 km2 to 

1.0 km2. The site will have four 220 kV substations, to be developed by NREA and the Egyptian 

Electricity Transmission Company, at the perimeters to the east and south substations [13]. Each 

Benban project will transmit its power from the site boundary to one of the four on-site 

substations using underground cables. For the further evacuation of power from those substations 

the Benban site is close to two transmission corridors. There is a corridor with 2 x 500 kV at a 

distance of approximately 0.5 km from the eastern site border, between the site and Aswan-

Luxor Highway. The second corridor of 220 kV lines is located at a distance of approximately 12 

km [13]. Figure 2 shows the position of the park with respect to the 500 kV transmission grid and 

the 220 kV transmission grid. 

 

4. PHOTOVOLTAIC AND WIND ENERGY SYSTEMS 

 

A. Photovoltaic System 

A photovoltaic system is a green power source, which converts sunlight directly to electricity. 

The main advantages of the PV systems are that they require no fuel, produce no emissions, and 

involve no moving parts. Figure 3 shows the main components of a PV power plant, it consists of 

a large number of solar arrays, DC/DC converters, DC/AC inverters, filters, and step up 

transformers [14]. A solar panel, which consists of several solar cells, produces only a small 

amount of current and voltage. In order to produce a large amount of electric power, the solar 

panels are connected into arrays. The output voltage from a PV array changes with solar 

radiation and ambient temperature. In order to connect the PV system to the transmission grid, 

the output DC voltage from PV system should be first regulated by a DC/DC converter and then 

converted to AC voltage by a DC/AC inverter. A filter is used to eliminate harmonics. The power 

electronic components (DC/DC converter, DC/AC inverter, and filter) have the tasks to 
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guarantee safe and efficient operation, to track the maximum power point of the PV system, and 

to maintain power quality of the PV system output [14]. 

The photovoltaic park is represented in DIgSILENT as a static generator [10]. The static 

generator has 3 modes of operation which are PQ mode, voltage control mode and droop mode 

[10]. In this research the mode of operation is selected to be voltage control mode and the 

reactive power limits are set to achieve 0.95 lead and 0.95 lag (at rated output) based on the 

Egyptian grid code for integrating medium and large scale solar systems to the grid as illustrated 

in Figure 4. [15, 16]. 

 

B. Wind Farm 

DIgSILENT includes two built-in DFIG models. The first will be referred to as model 1 in 

the following while the second will be referred to as model 2 in the following. In model 1, the 

rotor side’s power factor is controlled to be one. The controller is however not instantaneous and 

small amounts of reactive power are either produced or consumed [10]. In model 2, the DC-link 

is hidden, specifically concerning the load flow calculations [10]. With model 1, it is only 

possible to define the active and reactive powers produced by the stator. There is no possibility to 

define it as a voltage control or PQ bus. This puts some strong limitations on the load flow 

behavior of this model, since we are generally interested in total power and not only stator 

power. With model 2 however, the user can define the generator bus as a voltage control or PQ 

bus [10]. In this research wind generation is simulated as model 2 and defined as voltage control 

bus. 

 

 
Figure 1: Geo-schematic diagram of the upgraded Egyptian power grid [11]. 
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Figure 3: Photovoltaic generating system main components. 

 
 

 

Figure 4: P-Q capability chart for renewable power plants [15] 

Left for the medium-scale solar parks 

Figure 2: Benban photovoltaic park and 500 /220 kV transmission grids [13]. 
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Right for the large-scale solar parks 

 

5. STEADY STATE ANALYSIS 

The aim of the study is to assess the impact of Benban photovoltaic park connection to the 

500/220 kV transmission grid. The assessment will be presented in terms of line loadings, 

busbars voltages, three-phase and single-phase fault levels and total losses in each scenario. The 

three scenarios for the park connection to the grid are: 

 

1. Connection to both 500 kV and 220 kV grids by connecting Benban to the 220 kV using 

line in line out of the transmission line between Rabt El-Khazan and Luxor substations 

and also connecting the park to the 500 kV using line in line out to the 500 kV 

transmission line between High Dam (HD) and Nagi Hamady (NH) substations. In this 

scenario, 220/500 kV step-up transformers are required.  

2. Connection to the 220 kV grid only by connecting Benban to the 220 kV by using line in 

line out of the transmission line between Rabt El-Khazan and Luxor substations. 

3. Connection to the 500-kV grid only by using line in line out of the 500 k V transmission 

line between HD and NH substations. 

 

Load flow studies are performed and the results are listed in Tables I, II and III. Table I 

shows that the voltages at all the buses with all scenarios are within the allowable range 95 – 

105% of the rated values. Table II shows that all the lines in Scenario 1 and Scenario 3 are 

loaded below the lines thermal limits while there are two lines in the Scenario 2 highly 

overloaded above the thermal limits. This indicates that if the park is connected to the 220 kV 

grid only, reinforcements for the overloaded lines are required. Table III shows that Scenario 1 

results in lower total active and reactive power losses compared to the corresponding losses in 

the other two connection scenarios. 

Table I 

Busbar voltage in normal conditions 

Bus bar Name Nominal (kV) 
Voltage (PU) 

Scenario 1 Scenario 2 Scenario 3 Without PV 

Al-Khazan 220 1.00 1.02 1.00 0.99 

Benban 500 500 0.99 NA 0.99 NA 

Benban220 220 1.00 1.01 1.00 NA 

HD220 220 1.00 1.01 1.00 0.99 

HD500 500 1.00 1.03 1.00 0.98 

NH220 220 0.97 0.97 0.97 0.97 

NH500 500 1.00 1.00 1.00 1.00 

NOKRA 220 1.00 1.01 1.00 0.99 

Rabt El-Khazan 220 1.00 1.01 1.00 0.99 

Refa 220 0.97 0.97 0.97 0.97 

Salwa 220 0.99 1.00 1.00 0.99 

Sfaga 220 0.96 0.97 0.96 0.96 

South Qena 220 0.97 0.97 0.97 0.97 

Gerga 220 0.95 0.95 0.95 0.95 

Tama 220 0.96 0.96 0.96 0.96 
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Table II 

Line loading at normal conditions 

Line Nominal 

Voltage 

(kV) 

Line Loading (%) 

From To Scenario 1 Scenario 2 Scenario 3 
Without 

Benban 

NH500 Benban 500 500 20.53 NA 22.04 NA 

HD500 Benban 500 500 8.81 NA 7.28 NA 

NH500 HD500 500 NA 20.23 NA 23.59 

HD220 Rabt Khzan 220 48.82 188.16 40.28 38.90 

NOKRA Salwa 220 33.76 47.59 3.71 3.68 

Rabt Khzan Salwa 220 37.24 44.74 56.34 62.27 

Armanet Salwa 220 24.00 31.03 19.12 21.13 

Luxor Armanet 220 38.80 59.71 19.63 20.95 

Salwa Luxor 220 46.89 60.32 36.94 40.39 

South Qena NH220 220 19.11 13.88 24.45 22.25 

South Qena Luxor 220 47.5 59.71 37.97 40.89 

Gerga NH220 220 19.35 20.73 19.19 19.69 

Tama Gerga 220 57.1 56.02 57.82 57.48 

Rabt Khzan Benban220 220 4.81 145.39 NA NA 

 
  

Table III 

Total active and reactive power losses in the 500/220 kV Egyptian grid 

Grid losses Scenario 1 Scenario 2 Scenario 3 

Total Active Power Losses (MW) 807.86 845.26 829.41 

Total Reactive Power Losses (MVAR) 6540.53 7119.10 6685.42 

 

Short-circuit studies are performed and the results are listed in Table IV. The three-phase and 

single phase short circuit currents in are all in the allowable range for all the scenarios.  

Transmission line contingency analyses are performed to assess the effect of line outages in 

each scenario. Table V shows that there are three lines highly overloaded in Scenario 2 if 

Benban-Rabt khazan double circuit line went out of service (N-2) while in Scenario 1, the 

loading will remain below the thermal limits at this outage. The voltage magnitudes have been 

calculated for this contingency, and we found that in Scenarios 1 Scenario 2 the voltages are 

within the allowable range. Table VI shows the loading of the lines if a single circuit outage 

occurred in the HD-Benban 500 kV line (N-1). It is noted that all lines are loaded below their 

thermal limits. It is also noted that the voltage magnitudes at all busbars are within the allowable 

range in Scenario 1 and Scenario 3. 

Table VII illustrates that the Benban Park can be connected to the 220 kV grid only till 60% 

of its total capacity without any exceeding the thermal limits of the lines. The results show the 

three lines which are overloaded based on the results of normal operating conditions and line 
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contingency shown in Table II and Table V respectively. The maximum capacity of Benban park 

in Scenario 2, without enforcements, is about 1100 MW. 

Table IV 

Three-phase and single-phase short circuit currents 

Bus bar Name 

Nominal   

Voltage  

(kV) 

Fault Current (kA) 

Scenario 1 Scenario 2 Scenario 3 

3-ph. 1-ph. 3-ph. 1-ph. 3-ph. 1-ph. 

AL Khzan 220 22 18 22 21 23 21 

Benban 500 500 13 12 NA 12 10 

Benban220 220 21 19 22 20 11 9 

HD220 220 22 19 19 17 18 16 

HD500 500 18 17 18 17 17 14 

NH220 220 17 16 17 16 17 14 

NH500 500 13 11 12 10 12 9 

Nokra 220 10 9 9 8 3 3 

Rabt Khzan 220 23 21 18 15 22 21 

Refa 220 16 14 16 13 17 14 

Salwa 220 8 8 8 6 8 6 

Sfaga 220 7 6 7 5 7 6 

South Qena 220 12 11 12 10 11 10 

Gerga 220 11 10 11 9 11 8 

Tama 220 11 9 11 8 11 10 

 

Table V 

Line loading in case of outage of 220 kV line between Rabt Khazan and Benban  

(two circuits outage) 

Transmission Line Nominal 

Voltage (kV) 

Line Loading (%) 

From To Scenario 1 Scenario 2 

NH500 Benban 500 500 20.31 NA 

HD500 Benban 500 500 12.88 NA 

NH500 HD500 500 NA 21.65 

HD220 Rabt Khzan 220 60.54 127.78 

NOKRA Salwa 220 57.03 76.16 

Armanet Salwa 220 24.61 26.11 

Luxor Armanet 220 19.93 24.89 

Salwa Luxor 220 37.74 40.96 

South Qena NH220 220 23.99 18.54 

South Qena Luxor 220 36.64 49.20 

Benban Luxor 220 19.29 147.17 
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Transmission Line Nominal 

Voltage (kV) 

Line Loading (%) 

From To Scenario 1 Scenario 2 

Tama Gerga 220 57.75 56.74 

Rabt Khzan Salwa 220 14.97 121.89 

 

Table VI 

Line loading in case of 500kV line outage connecting between HD and Benban  

(single circuit outage) 

Transmission Line Nominal 

Voltage (kV) 

Line Loading (%) 

From To Scenario 1 Scenario 3 

NH500 Benban 500 500 41 69 

HD500 Benban 500 500 22 20 

NH500 HD500 500 NA NA 

HD220 Rabt Khzan 220 44 54 

NOKRA Salwa 220 24 4 

Armanet Salwa 220 21 27 

Luxor Armanet 220 22 27 

Salwa Luxor 220 41 52 

South Qena NH220 220 23 17 

South Qena Luxor 220 42 52 

Benban Luxor 220 13 NA 

Tama Gerga 220 57 57 

Rabt Khzan Salwa 220 38 80 

 

Table VII 

Line loadings in Scenario 2 when the park operated at different capacities 

Park generated power in 

MW 

(% of park full capacity) 

HD220-Rabt 

Khazan line 

loading in %  

Benban-Rabt Khazan 

line loading in % 

Benban-Luxor line 

loading in % 

0 (0%) 32 83 12 

180 (10%) 11 61 14 

360 (20%) 10 39 18 

540 (30%) 21 28 19 

720 (40%) 54 10 21 

900 (50%) 75 30 23 

1080 (60%) 98 53 24 

1260 (70%) 120 75 26 

1440 (80%) 142 98 28 

1620 (90 %) 164 121 30 
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Park generated power in 

MW 

(% of park full capacity) 

HD220-Rabt 

Khazan line 

loading in %  

Benban-Rabt Khazan 

line loading in % 

Benban-Luxor line 

loading in % 

1800 (100%) 188 145 32 

 

 

6. TRANSIENT STUDIES 

Simulation studies have been performed to assess the transmission system transient responses 

to the Benban photovoltaic park outage; assuming that the busbar connecting the park to the grid 

was considered as a voltage controlled bus. The dynamic model of the system is used. Sample 

results are presented here to show the performance of the system when it is subjected to 

photovoltaic generation contingency in each scenario. Figure 5, Figure 6 and Figure 7 show the 

voltage and frequency responses at some busbars in the Upper Egypt region. The figures show 

the responses to tripping the Benban photovoltaic park when it is supplying 1800 MW to the grid 

in the three scenarios. The transient results show that the transmission system is stable and 

capable of withstanding this type of severe forced outage in the three scenarios. 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Voltage and frequency responses when the system is subjected to Benban park outage 

in Scenario 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Voltage and frequency responses when the system is subjected to Benban park outage 

in Scenario 2. 
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Figure 7. Voltage and frequency responses when the system is subjected to Benban park outage 

in Scenario 3. 

The reason behind the increase in voltages in Figures 5 and 6 after the outage of the 

photovoltaic park is that Benban park was operated as a voltage control bus and was absorbing 

reactive power. When it goes suddenly out of service, the released reactive power increases the 

voltage magnitudes of some load buses. It is also noted that the frequency deviation will reach 

zero Hz after some oscillations in the three scenarios due to the presence of enough reserve. 

Table VIII shows a comparison of system performances in the three scenarios in terms of 

voltage deviation index (VDI) [17] as illustrated in (1). The number of load buses in the simulated 

Egyptian power system is equal to 81. 

��� � � �
��∑ 
��� � ��
������                                                                                                     (1)  

 
where: 

�� is the number of load buses 

��� is the nominal voltage of the load bus 

�� is the actual load bus voltage  
 
The results in Table VIII show that Scenario 1 achieves the minimum voltage deviation index 

which indicates that the voltage profile in this scenario is better than that of Scenario 2 and 

Scenario 3. 
 

Table VIII 
Voltage Deviation Index 

Case 
Voltage Deviation Index 

Scenario 1 Scenario 2 Scenario 3 

Park outage (Voltage control bus) 0.024 0.029 0.028 

Park outage (PQ bus) 0.022 0.028 0.026 

HD-NH 500 kV line (single circuit outage) NA 0.031 NA 

HD-Benban 500 kV line (single circuit outage) 0.024 NA 0.031 

NH-Benban 500 kV line (single circuit outage) 0.027 N/A 0.029 

Benban-Luxor 220 kV line (double circuit outage) 0.024 0.034 NA 
 

 

7. CONCLUSION 

The study presented comparison between the system performance when Benban photovoltaic 

park is connected to the Egyptian grid at three different scenarios. The results show that the 

connection using scenario 1 (connecting the park to both 500 and 220 kV grids) has better 

performance than that of the other two scenarios in terms of total power losses. The results also 

show that operating the park at more than 60% of its capacity will lead to lines overloading if it is 
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connected to the 220 kV grid only which requires lines reinforcement for this scenario to be 

implemented. The results also proved that scenario 1 has the best performance in terms of 

voltage deviation index when the system is subjected to the park outage when operated as a 

voltage control bus and as a PQ bus.  The results also prove that park outage don’t drive the 

system to a frequency deviation due to the presence of high reserve in addition the photovoltaic 

park drives the system to achieve better voltage deviation index in different cases using scenario 

1 than that of the other scenarios. 
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SUMMARY 

As Conventional sources of power in Egypt do not meet the demands of an environmentally sensitive 
future and the costs of fossil fuels continue to raise, the price of electricity and government subsidies 
will continue to cut into socio-economic growth. So, Egypt is moving strongly towards alternatives to 
contribute to the provision of electricity ,one of these is nuclear energy in addition to renewable energy 
sources ( RESs) as an alternative to fossil fuels.  
Ministry of Electricity and Renewable energy put a national strategy for energy that fulfils the needs of 
the local market and achieves the targeted growth rates for the national economy. It must also secure 
its power supply, and protect the environment and be sustainable. The strategy includes diversifying 
the traditional sources of energy used in power plants through a balanced and sustainable combination, 
including solar and wind energies, nuclear energy (NE) sources, as well as natural gas and oil, and 
plans to produce 20% of its electricity from renewable sources by 2022 and 37% by 2035.  
On the other side Integration of variable renewable especially nuclear is a complex issues as affects the 
structure, financing and operational mode of electricity systems in general and in particular in nuclear 
power plant (NPP) as connected to the same physical grid and delivering into the same market, they 
exert impacts on each other as well as on the total load available to satisfy demand at any given time.  
After years later according to the plan when nuclear power plants begin to operate, a large proportion 
of renewable energies will be involved in generating electricity. Therefore, it is necessary to work 
seriously from now on planning how these energies can be shared in the existing network and their 
impact on them.  
Furthermore, how this combination can be the most cost effective way of generating low-carbon 
electricity, also there must be other calculations about feasibility not only technical but also economic 
especially after the expansion of the establishment of renewable energies and the decline in the price 
for the present. Then, renewable energy participation rates will be large and costs will be much lower.  
In this study two aspects should be considered the first is the technical effects resulting from the 
overlap of nuclear energy with the renewable energies and the proportion of their participation in the 
network. The second is economic feasibility these aspects give the environmental and political safety 
factor a large proportion of the probability or reduce the results of the study.  
There are some factors can affect the operation of the system, the first is the role a power plant plays in 
the electricity grid, and the most important factor is the site of nuclear power plant that affects the 
surrounding grids, and variable renewable on the network, also, the specific balancing between nuclear 
power plant and renewable energy sources in contributing in the system demand (SD), furthermore are 
the factors affect the economics of dispatch able power generation technologies in particular nuclear 
must be considerable. These effects also constitute the dynamic effects of renewable. at least the 
ability of to deal with the effects produced from other technologies specially renewable system Where 
the intermittency of wind and solar plants puts great Challenges to deal very skillfully to balance the 
network and make up for supply shortages. All these factors depend on amount of renewable 
introduced, local conditions and carbon prices. Also, there are some considerations should not be 
overlooked, firstly nuclear power plant is probably incompatible with large volumes of solar and wind, 
more than most nuclear power plants operate at stable levels close to full capacity in order to supply 
base load electricity, this is not only the simplest operational mode but also economically the most 
advantageous as long as prices are stable. So, this paper focuses on the operating scenarios on the 
other renewable energies on the network and effects of nuclear power and their interaction with the 
surrounding grids and the effect on the quality of the natural environment or poses risks in terms of 
security supply in shape of great instability in the network.  
dr_aagado@yahoo.com 
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I. INTRODUCTION 

 
 All power generation technologies cause system effects as Power plants are not isolated. They are 
physically – and economically – interacting with each other. Their variable output, impacting other 
power plants within the grid system to satisfy demand at any given time. On the other side according 
to statistics defined at Middle East Electricity, over the past 10 years [2], electricity generated by 
renewable energy has been developing at the highest rate in the world's energy and electricity market. 
The increased rate of solar power generation is as high as 30.9 percent, followed by 30.7 percent for 
wind power generation. So, Integration of NPP in the network specially in presence of RESs such that 
wind and solar is very complex operation which their penetration increasing rapidly.  
As the total electricity generated should be matches the variations in total electricity demand. Some 
generating units need to be able to change electrical output rapidly (i.e. within a few seconds); other 
generating units may only need to change electrical output slowly (i.e. within timescales from a few 
minutes to a few hours). This adjustment of electrical output under the control of the grid system 
operator will depend on the variation in the mismatch between generation and electrical demand. This 
adjustment may be required frequently (i.e. several times a day) or rarely (i.e. from once or twice a 
year to a few times in the lifetime of a power plant). It may also be necessary to change the electrical 
output of certain generating units to control power flows on the transmission system.  
So, how we can work with these deferent generations what is will be as a base operation and the other 
flexible operation The resultant decision as to whether the nuclear power plant should be operated in a 
flexible or base load mode of operation as this can be influenced by several factors. For technical, 
commercial and regulatory reasons, most existing nuclear power plants are optimized to operate at 
steady full power, known as base load operation and not to operate flexibly [3] .for Sensitive due its 
design and for safety also, it is generally considered to be the most efficient use of capital investment. 
And the reduction in power output is induced by the NPP operator's needs, rather than the grid system 
operator's needs. Furthermore it is generally considered as the most efficient use of capital investment 
and minimizes the average operating cost of nuclear generation. On the other side thermal power 
operation is easier with fewer changes in plant conditions it is favorable from technical side.  
So, this paper discusses the technical effects resulting from the overlap of nuclear energy with the 
increase of renewable energies and the proportion of their participation in the network. a proposed 
algorithm used to simulate the generation model suitable for reliability studies with the aid of Matlab® 
software package. Also, the study includes all possibilities of using various generations to work as a 
base or flexibility modes. Moreover, an economical study is investigated to optimize the best 
economic mode of operation to assess the reliability and availability of the system operation. The 
results of the reliability analysis are simulated to showing the impact of adding the NPP in presence of 
increasing RE to the national grid. It also discusses the ability of nuclear energy to contribute to the 
internalization of the system costs generated by RES. 

II. PROPOSED MODEL 
 
Due to the technical considerations of operation since nuclear power plants can only be operated as a 
basic load, where the capacity of the first NPP station will enter the service does not exceed 1200 
Mega or about 0.05 of the maximum load in this case the nuclear power plant will operate as a base 
load operation and the traditional energies are used to feed the basic load with the participation of solar 
energy and energy Wind then nuclear power to feed the base load. Where, the country's strategy to 
increase the share of renewable energy to 20% of the total electricity generated in 2022, the following 
assumptions should be taken in consideration made for a study closer to reality,  
• The rate of development of electric load is unstable in recent years as a result of some political and 

economic factors that have passed in Egypt, but assuming the rate of development of electric load 
7% according to previous years also assuming growth in secondary load is 5%  

• The rate of development of production increased in the last two years, since 2016 only as 14,400 
megawatts will be added to network in 2018 and Converting about 1850 of the gas units to the 
combined cycle system by adding steam units 
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• The plan can be phased out by 2022 for nominal capacity taking into consideration that full capacity 
cannot be utilized due to the aging of some units. 

i. Load model  
  The load model is the main scope of the generation; it has an essential role in judging the reliability 
performance of the generating system. The electricity demand on an electrical power system varies for 
time of day, day of week, time (season) of year and weather conditions. Figure 1 illustrates an increase 
in demand between 2011 and 2017, from 25300 MW to 25750MW accounting for a 31.5% increase. 
On the other hand, the total installed capacity in Egypt up until 2011 was 28000 MW. Also, from the 
daily load curve shown in figure 2. The load profile in 2017 is not much different than what is 
expected in 2022 where, the electrical demand is lower at time Early in the morning than during the 
day; the minimum electricity demand is typically in the range of 70 per cent of the maximum 
electricity demand during the day. There is a large increase in demand during a couple of hours in the 
morning after sunrise, and a similar but slower decrease in demand in the late evening. There may be 
one or more peaks in demand during the day [4]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Load demand and installed capacity and expected in 2022                       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    
                  
                             
                     Fig.2 Daily load curve in 2017  between 2011 and 2017. 
 
 
 

ii. Division of Types of Generations 

Figure 3 illustrate Participation rates of energy sources in the production of electricity until year 2017 
as well as the expected rates as a result of the strategic state plan in year 2022 and shown in figure 4. 
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Fig. 3 Participation rates of energy sources                 Fig. 4 the expected Participation rates as a result  
            until year 2017.       of the strategic state plan in year 2022 

 

III. RELIABILITY ASSESSMENT  
   Reliability indices are calculated by comparing the load profile model with all the generated power 
conventional, PV, WE, NPP, thermal and hydropower generation. 

i.  NPP  
NPP can be categorized as “renewable”, as it shares many of the benefits of many renewables, it is a 
low-carbon energy source; it has a very small environmental impact, similarities that are in sharp 
contrast to fossil fuels. But commonly, nuclear power is categorized separately from „renewable‟. 
Nuclear fission power reactors do use a mineral fuel and demonstrably depletes the available resources 
of that fuel.  
On the other side , NPP have very high capacity factors, sometimes exceeding 90%, meaning that over 
a year they can produce more than 90% of the energy they would get from running continuously at 
maximum output for a whole year  
So, it is preferred to operate at constant full output throughout the 24 hours every day of the year (base 
load) at a constant full output of 1000 MW throughout the 24 hours every day of the year (base load). 
about 25% of total supply. Beyond that level, storage and demand management is required. 
furthermore to generate an equivalent amount of potential power to NPP, it is necessary to install three 
or four times as much wind capacity.  

ii.  Wind Energy System  
Egypt enjoys excellent wind regimes particular in the Suez Gulf where average wind speed reaches 
about10.5 m/sec. Annual production might thus vary significantly from one year to another, for which 
the annual electricity production can decrease by up to 15% in comparison to an average year. This has 
an important impact on electricity systems relying significantly on generation from variable 
renewables, furthermore a capacity factor for wind power much lower on a good site might be 30%, In 
which is sometimes criticized because of its inherently low capacity factor. By year 2022 Wind energy 
grows, leading to about generation 9 % from renewable (2 % hydro and 7% wind) which leads to 4000 
MW from wind and connected with grid [5]. 

iii. PV system  
Also, Egypt is endowed with high intensity direct solar radiation. This radiation ranged from 1970 – 
3200 kWh/m2/year from north to south, with the southern areas of the country demonstrating greater 
potential than the northern areas. The duration of sunlight ranged from 9 – 11 hours with few cloudy 
days yearlong [5]. Solar projects are considered one of the main aspects to increase the contribution of 
renewable energies in Egypt.  

vi. Energy Management strategies  
As the generating units in an electricity system are operated in various load modes Then owing to the 
power of 1100 MW NPP it is preferred to operate at constant full output throughout the 24 hours every 
day of the year (base load), followed by 3542 MW hydro power and 39542 MW from thermal energy, 
then when electrical demand is low it reduces its output and increasing when electrical demand is 
increasing rather than NPE. So, some generating units of the thermal energy in order to meet the daily 
variations in electricity demand figure 5, while other generating units routinely reduce output or 
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shutdown at night or weekends and startup or increase generation again in the morning (load cycling 
or load following), and some may only operate for short periods (peaking) at the times of the highest 
demand. In addition to 11000 MW renewable and planned to enter the service , so , an increase or 
decrease in demand can be covered by a significant amount of generation from renewable sources or 
small generating units. And the grid system operator has to control large generating units, including 
nuclear generating units, to balance changes in the „residual demand‟, and not just the „demand. It is 
important to ensure that there is a sufficient number of generating units operating flexibly to provide 
adequate reserves to also allow for the additional effect of such changes in generation. Figure 5 
illustrate the expected power output from wind and solar with the daily load demand at year 2022, and 
Figure 6 shows expected all sources of energy with the daily load demand at year 2022. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 the expected power output from wind            Fig. 6 Expected all sources of energy with the daily load     
and solar with the daily load demand at year 2022                      demand at year 2022  
 

VI. ANALSIS of THE SYSTEM COSTS.  
   Integration of significant amounts of variable renewables is a complex issue that profoundly affects 
the structure, financing and operational mode of electricity systems in general and nuclear in 
particular. System costs also vary strongly due to differences in the generation mix, the share of 
variable renewables and the shape of the daily and seasonal load curves  
Wind and solar power supply is largely governed by wind speed and the level of sunlight, which can 
only loosely be related to periods of power demand. It is this feature of intermittent renewable power 
supply that results in the imposition of additional costs on the generating system as a whole, which 
will implicitly be paid for either by other generators, consumers or taxpayers. while fossil fuel prices 
will likely rise Renewable energy costs are expected to decline further in the future, Thus economic 
factors are currently moving us in the direction of renewable energy.  

The assessment of total system costs should include not only the costs for grid connection, extension 
and reinforcement, the technical and financial costs of intermittency but also security of supply 
impacts, local and global environmental impacts, sitting and safety.  
In any system that has a mix of nuclear and fossil generating units, the overall lowest cost method of 
operation is generally for the nuclear units to run at full load (i.e. base load) as much as possible. 
the owners or operators of hydroelectric units with storage (not run-of-the-river units) will prefer load 
following to base load , and allocate their limited supply of water to be utilized at high power price 
periods, i.e. increase generation at periods of higher demand (higher price), and reduce generation at 
lower demand (lower price) .  
In Egypt there are many specific factors about the trend of fuel and operations and maintenance 
(O&M) including costs of nuclear plants& nuclear fuel costs, while O&M costs tend to be somewhat 
higher than for other thermal modes of generation. Hydropower, wind power potential in most regions 
is finite and limited by the number of sites where the energy source can be developed at reasonable 
cost.  
The economics of new nuclear plants are heavily influenced by their capital cost, which accounts for at 
least 60% of their levelised cost of electricity. Uranium prices impact on electricity costs is relatively 
minor as the uranium cost is only a small fraction of the total operating cost (around 14%). In the case 
of both coal and gas plants, RE electricity generation sources have effectively zero fuel cost,  
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For capital cost equal 1000$/kw for total thermal power plant and operating and maintenance cost 
equal 0.1 $/ kWh, also the CC for PVE and WE 5000 and 2000 $/kw respectively and operating and 
maintenance cost less than 0.01 $/ kWh for them, also CC for Hydroelectric 2000 $/kw and O&M less 
than 0.01 $/ kWh less than 0.01 $/ kWh [ 6 ].  
Figure 7 depict CC& O&M for various energy sources also, Figure 8 illustrates the Total energy costs 
expected to be shared in year 2022. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 7 Capital, Operating and Maintenance cost for expected to be various energy sources.                                                      
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
    Fig. 8 Illustrate the total energy costs Shared in year 2022 

 

V. CONCLUSION  
In accordance with the strategic plan set by Egypt to increase the participation of renewable energies, 
especially wind and PV systems , as well as the trend to start the entry of the first nuclear plant to 
generate electricity with capacity of 1100 MW to reach after 10 years to 4400 MW an technical and 
economic study have been made of how to share nuclear energy in the network of Egypt in the 
direction of increase renewable energy to reach 20% in 2022 where the following steps have been 
taken:  
• Addition of 14,000 MW of conventional power added at year 2018 to the network  
• According to the government planning to increase wind and solar penetration level to network to 
20% of the total energy by 2020  
• entering the first NPP of 1100 MW at 2022 so the following remarkable must be noticed:  
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 In this paper we do not provide in-depth coverage of nuclear energy economics, since the 
characteristics of nuclear energy are quite different from the renewable energy sources also, The 
costs of nuclear accidents are also very expensive as well as waste, about nuclear waste costs, 
which may be incurred for millennia.  

 The cost of renewables compared with traditional fossil fuel electricity in order renewables to be 
cost competitive with traditional fossil fuel electricity, their costs generally need to fall to the 
price at which fossil-fuel power plants sell electricity to the grid, such as hydropower. Solar is 
more costly so, the price of PV only needs to fall to the retail power price that consumers pay.  

 Nuclear and coal power plants typically have very high capacity factors, sometimes exceeding 
90%, meaning that over a year they can produce more than 90% of the energy they would get 
from running continuously at maximum output for a whole year. By contrast, a capacity factor 
for wind power on a good site might be 30%, with much lower factors on poor wind sites  

 From a technical and economic perspective, operating NPPs at base load is generally 
considered as the most economically advantageous method.  

 Most important factors that affect the hole economic of the study system that integration of 
large and growing shares of variable renewables, can affect strongly on the visibility of 
nuclear system from economic particularly safety sides[7].  

 The lifetime cost of new renewables is much cheaper than new coal and nuclear power. And 
that gap is growing  

 The potentially most significant externalities from nuclear power are the risks of a major 
accident and the long-term storage of nuclear wastes. These impacts are difficult to estimate in 
monetary terms.  

 Due to the Institutional and regulatory frameworks that can be provided by the state as well as 
competitive factors through appropriate tax systems and excellent resources and competitive 
factors There will be fallen in PV projects and the decline will continue according to the latest 
reports recorded in Dubai, Saudi Arabia, Abu Dhabi, Mexico and Chile from 2018. 

  Electricity from renewables will soon be consistently cheaper than from most fossil fuels.  
  By 2020, all the renewable power generation technologies that are now in commercial use are expected 

to fall within the fossil fuel-fired cost range, This includes cheaper electricity from renewables as a 
whole, as well as the very low costs now being attained from the best solar PV and offshore wind 
projects [8]. 

  Nuclear power is cost competitive with other forms of electricity generation, except where there is 
direct access to low-cost fossil fuels  
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SUMMARY 

 
The General Electricity of Libya, GECOL, is currently running fossil fuels-fired power plants to provide 
its different customers with electricity. It is worth recalling that such strict dependence on these expensive 

fuels, along with the lack of intermediate and peak load generators, has made the kWh produced cost-
prohibitive over the past decades. The high solar potential in Libya, averaging at 
5.3kWh/m2/day, the high efficiency of small generators available in world markets, more than 
55%, and the shape of the daily electric load curve together gave us a strong impetus to examine 
how viable making use of these facts is when addressing alleviating such high price of kWh. This 
paper has been intended to investigate the role of Solar PV Systems and Diesel Engine 
Generators in meeting intermediate and peak demand for electricity and to explore, as well, their 
role in curbing the use of fossil fuels for power generation. Also, the study touched on the 
economic and financial benefits that could be realized, where an investment model for both PV 
and Diesel Engine Generators has been developed. Primary findings concluded that millions of 
Libyan Dinars could be avoided if these new generation technologies are introduced into the 
country’s capacity mix. 
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1. INTRODUCTION 

From the historical records, one can easily discern that the relation between energy, in its 
different forms, and the socio-economic development has been positively strong during the 
past decades worldwide. One of these forms is electricity, which is idiosyncratic for it cannot 
be stored in large amounts in an efficient manner until it is consumed when needed. The 
General Electricity Company of Libya, GECOL, relies entirely on fuel oils and natural gas to 
generate electricity. These fossil fuels come from non-renewable resources and are so 
expensive that they explain more than 90% of the power plants’ operation cost [1]. 

Globally, efforts have been done to mitigate the negative effects resulting in from power 
generation by conventional plants. To this end, efficiencies of these facilities have been 
improved, and hydro, nuclear, wind, geothermal, tide and solar technologies have been 
invented. As a consequent result, hydroelectric plants, nuclear reactors, photovoltaic systems, 
and others have spread across the world. Although Libya enjoys high potential of solar 
irradiation, estimated at 5.3 kW/m2/day as a yearly average [2], it has not made a big step in 
using this potential for electricity generation.  

The way we mentioned that the fuels used to generate electricity are costly, we mention that 
GECOL does not have intermediate- and peak load- generators, making it forced to use base-
load ones instead at low capacity factor, which adds extra expenses. 

The aim of this paper is to investigate the role of PV Solar Systems and efficient Diesel- and 
Gas-Fired Engine Generators in reducing the fuel bill paid annually by GECOL and to explore 
economic and financial benefits. 

2. METHODOLOGY 

The methodology tailored to bring our aim into reality consists of two parts: a) to estimate 
money that could be saved by replacing conventional units with PV Systems and Diesel 
Engine Generators to meet the system’s peak and intermediate loads, or simply the off-base 
loads, and b) to check whether the money saved will cover the cost of installing considerable 
PV and Diesel Engine capacities.  For this to happen, following steps have been addressed: 

2.1. Collection of Data and Information 

The necessary data and information were collected from various sources, including annual 
reports of the General Electricity Company, measurements of the Libyan Center for Solar 
Research and Studies, and some WEB sites interested in the solar energy and its related 
industries. The gathered data and information are addressed in the following points: 

2.2.1. Technical Loss 

The technical loss, termed as the loss of electrical energy passing through transformers, 
cables, lines, and other equipment, was 15% of the system’s peak load (in MW) in 2016 – as 
concluded by relevant studies, and it was distributed between the high voltage and medium 
and low voltage networks so that the former explained 2% and the latter, 13%. The loss of 
energy (in MWh) was less than 15% as per the calculation shown hereinafter. 

2.2.2. Hourly Loads 

The hourly load–or more specifically the hourly generation load–varies continuously from 
time to time because of several influencing factors, which include, but not too limited to,  the 
type of season (winter, spring, summer, fall), the type of day (week day, working day, 
holiday), the religious and national holidays, lifestyle and the economic activities. Figure (1) 
shows the averaged hourly loads by type of season for 2016. 
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Figure 1: Averaged Hourly Load by Season, 2016[3] 

The present study required estimates of the hourly loads for the targeted years: 2020, 2025 
and 2030. This is done using our unique, currently available method, which is represented in 
distributing the forecasted energy production in each of these years over its constituting 8,760 
hours by multiplying it by the hourly load coefficients calculated for the base year, 2016. 

2.2.3. Average Solar Irradiation 

Solar irradiation varies from one region to another and from one day to another all through 
the year. The monthly average ranged between 2.0kWh per square meter per day in the city 
of Cyrine and 7.7 kWh per square meter per day in the city of Jaghboub. Additionally, Libya’s 
overall average is 5.3kWh per square meter per day [2]. 

2.2.4. Engine Generator Data 

Out of a variety of engine generators presented by VARTSILA, VARTSILA Engines Product 
Guide, the largest one, sized 17.55MW, has been selected for this study. This type consumes 
around 199 cubic meter of natural gas to produce one MWh, or 0.225 cubic meter of diesel to 
generate the same quantity [4]. 

2.2.5. Fuel prices and Cost of Unit Production  

During 2007-2016, fuel prices varied considerably between US$230.9 and US$670.8 per one 
ton of heavy fuel oil; US$340 and US$945, light fuel oil and US$4.8 and US$12.85 per one 
MBTU of natural gas, averaging at US$450.85 per one ton of heavy fuel oil; US$642.5, light 
fuel oil and US$٨٫٨١٥.85 per one MBTU of natural gas. In 2016, the base year of the study, 
fuels prices were US$230.9 per one ton of heavy fuel oil, US$396.7 per ton of light fuel oil 
and US$4.78 per one MBTU [5]. Using these prices, the production cost of one MWh was 
estimated at US$51.0 for the year 2016, neglecting all other production costs. 

2.2.6. Discount Rate 

A discount rate of 6% was used to determine the present value of the future cash flows. 

2.2.  Assumptions 

• The base year of the study is 2016, and the horizon one is 2030. 

• The base load of the system will be covered only by the base-load units, and the peak and 
intermediate loads will be met by PV Systems and Diesel Engine Generators. 

• The base load of the system is its minimum load. 

• The PV Systems are assumed to operate during the sunshine hours of the day, extending 
from 07:00 to 19:00. The operation of Diesel Engine Generator will take place during this 
period in the case that PV systems fall short of the demand and during the rest hours of 
the day as well. 

• The Engine Generators will be run only by natural gas and at their full capacity of 100%.  

• Costs of fuels are in international prices and are in American dollars. 

• The average prices of the fuels are used in all calculations. 

• Costs of fuels are assumed to be the sole operation and maintenance costs of the proposed 
Engine Generators and the existing generating units. 
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• The maximum share of PV System to the total generation during off-base hours is 20%, 
and the rest will be covered by Engine Generators. 

• The investment costs per one kW are US$750, US$500 and US$650 for PV Systems, 
Engine Generators and Conventional units, correspondingly. 

• Fuel prices in 2016 are the prices used in this study. 

• Fuel cost represents 70% of the total price of kWh delivered to customers. 
 

2.3. Calculations 

The calculations aimed mainly at estimating the sum of the peak and intermediate loads – or 
simply off-base loads – of the system, and to what extent can each of PV systems and Engine 
Generators participate in this sum, which represents approximately their electricity 
generation. This has been carried out through the following: 

2.3.1. Technical Loss in Energy 

As mentioned previously, the technical loss represented 15% of the system’s peak load, which 
was 7,017MW in 2016, revealing a loss of 1,053MW. To estimate all losses in MW at each 
hour of the year and their sum, which roughly stands for energy loss, the following equation 
has been used [6]:  

����������	 
 � ����
�7,017	
�

������

���
� �1,053	�� 

Consequently, energy technical loss was estimated at 4,236,127MWh in 2016, which was 
equivalent to 10.4% of the sum of loads, totaling 40,911,919MWh in 2016. Table (1) shows 
the system’s annual, gross generation and the corresponding energy technical losses for base 
year and the targeted years as well.  
 

Table 1: Generation and Energy Loss 

 
Generation 

(MWh) 
Tech. Loss 

(MWh) 

2016 40,911,919 4,236,127 

2020 49,182,170 5,092,450 

2025 69,821,087 7,229,457 

2030 94,832,536 9,819,208 

 

2.3.2. Base-Load and its Corresponding Energy 

As per the adopted assumption, the minimum final load of the interconnected network 
represents its base load. In 2016, the base load was 2,221MW, and the corresponding energy 
was 19,510,581MWh, produced by base-load generators. Simply put, this value is 
approximately equal to the base load multiplied by the number of hours of the year. However, 
the expected base loads for the years 2020, 2025 and 2030 and the corresponding energy are 
shown in the following table:  
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Table 2: Base Load and Energy 

 
Base 
Load 

(MW) 

Correspondin
g Energy 

(MWh) 

2016 2,221 19,510,581 

2020 2,670 23,454,601 

2025 3,791 33,297,143 

2030 5,149 45,224,911 

2.3.3. Off-Base Energy 

The off-base energy, supposed to be generated by PV Systems and Engine Generators, was 
obtained by subtracting the energy losses and the base energy from the total generation. 
Basing on this, the off-base energy summed up to ١7,165, 211MW in 2016. To determine the 
maximum contribution of the PV Systems to this sum, the loads falling within the sunshine 
peak hours, extending from 09:45 to 13:15, were added up, which gave a total of 
4,279,465MWh. This value explained roughly 25% of the off-base energy. Table (3) lists the 
expected off-base energy and the maximum generation of the PV Systems for the base year 
and the targeted years as well. 

Table 3: Off-Base Energy and Maximum Generation of PV Systems 

 
Off-Base 
Energy 

(MWh) 

PV Max 
Generation 

(MWh) 

2016 ١7,165, 211 4,279,465 

2020 20,635,119 5,144,549 

2025 29,294,487 7,303,419 

2030 39,788,417 9,919,664 

 
Figure (2) illustrates the contribution of different technologies to meet loads of the first day 

of 2016. 
 

 
Figure 2: Contribution of Techs to Loads  
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3.  RESULTS 

As mentioned earlier in this document, the main objectives of the study are to firstly estimate 
money that can be saved as a reduction of fossil fuels consumed by traditional units by 
replacing some of them with PV systems and Engine Generators, and to secondly check 
whether the saved money is enough to cover all related costs, or not. The data and assumptions 
adopted in the current study have indicated the following: 

3.1. Money Saving 

The results show that US$415.1 million would have been saved in 2016 if the proposed 
technologies of PV Systems and Engine Generators had been introduced to fully meet the off-
base electricity demand, given that these technologies are connected to the low voltage 
network. In this year, the cost of the used fuels for generation was US$1,857.7 million, which 
drove the cost of one MWh to hit US$51.0. The saved money represents the difference 
between the cost of fuel consumed by the Engine Generators (US$460.2 million) and that of 
the fuel burned by the conventional units (US$875.3million) to generate the off-base energy 
– the latter figure equals exactly the multiplication of the unit cost (US$51.0 per MWh) by 
the off-base energy (17,165,211MWh). Because the conventional units are connected to the 
high voltage grid, they are inevitably required to generate energy that will be lost through the 
paths leading to the different customers. As a consequent result, the money saved is bound to 
increase to US$631.1 million. Table (4) presents these numbers for the period 2016-2030, but 
discounted by the proposed discount rate 6%. 

Table 4: Discounted Cost of Fuel and Savings 

 

Fuel Cost by Type of 
Technology and Money 
Saved (Millions of US$) 

Conv. New Saving 

٢٠١٦ 1,091.4 460.2 631.1 
٢٠٢٠ 1,039.2 438.2 601.0 
٢٠٢٥ 1,102.4 464.9 637.5 
٢٠٣٠ 1,118.9 471.8 647.1 

3.2. Required Generation Capacity 

To generate the off-base energy in 2016, it is required to install 1,770MW of PV Systems and 
1,580MW of Engine Generators if the load factor of the systems is 100%. It is very much 
stressed that these generation capacities are by no means sufficient to meet a peak of 
3,743MW, which is the remainder of the system’s peak load less the technical loss less the 
system’s base load. To this end, 3,756MW of Engine Generators should be introduced. Table 
(5) displays the of PV Systems and Engine Generators capacities needed to cover the peak 
and intermediate loads.    
  

Table 5: Required Numbers and Capacities to Meet Peak Demand 

 
PV 

Systems 

Engine 

Generators 

٢٠١٦ MW 1,770 3,756 
٢٠٢٠ MW 358 755 
٢٠٢٥ MW 893 1,895 
٢٠٣٠ MW 1,082 2,282 

3.3. Cash flow 

An excel spreadsheet has been prepared to calculate economic and financial indicators for the 
project being under consideration. These indicators are the Net Present Value (NPV), the 
Internal Rate of Return (IRR) and the Payback Period (PBP). 
 

3.3.1. Net Present Value 

A net present value of a negative sign tells us that the project should not be accepted; it is 
negative US$13,403 in the current study if one MWh is sold at US$51.0, whichh is at the 
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same time represents the cost of fuel consumed to produce one MWh . It has been found that 
one MWh should be sold at US$75.5 for the project to break-even. After this point, the net 
present value will be positive. As per the assumption taken, the selling price for one MWh is 
estimated at US$78.5, which roughly equals to US$51.0 divided by 65%. For the reader 
convenience, 65% is the contribution of fuel to the total cost of one MWh delivered to 
customers. Accordingly to selling price, the net present value will be US$1,614 million, with 
an average of US$107.6 million per year. 

3.3.2. Internal Rate of Return and Pay-Back Period 

The IRR has been found to be 18%, which is considerably higher than 6%, the discount rate 
assumed for this study, reflecting favorable attractiveness of the project. The PBP calculation 
showed that 6.59 years are needed to recover all costs of this project, which represents comes 
in the first half of entire period of the project, 15 years. 

4. Conclusion and Recommendation 

The General Electricity Company of Libya totally depends on natural gas and heavy and light 
fuel oil to generate electricity. These types of fuel are known of their high prices, which make 
them explain almost of the cost of the produced MWh. Fortunately, there are several ways 
available to reduce the cost of electricity production; they include the use of Photovoltaic 
Systems and Engine Generators during off-base load periods. In this context, calculations 
revealed that US$631.1 million would have been saved if these technologies had been used 
in 2016, thanks to the reduction fuel consumption. This reduction might have made the cost 
of one produced MWh to slide back to approximately half – from US$51 to US$26.8, if the 
cost of production is considered as the cost of fuel only. To check whether the money saved 
is enough to cover all expenses of the project or not, a cash flow spreadsheet has been 
developed. The net present value, the internal rate of return and the pay-back period showed 
the economic viability of the project. 

Finally, the following points are recommended: 
 

• The solar potential in the country should not remain untapped – solar PV Systems are 
effective means conducive to the reduction of fuel consumption for electricity generation. 

• Engine generators are efficient, load-following technologies that can instantly be turn on 
and off, which the General Electricity of Libya lacks. 

• These new technologies should be introduced to the country’s capacity mix if proved 
technically they have no negative effects on the system’s performance. This requires 
conducting relevant technical studies. 

• Estimation of Carbon Reduction resulting in from this project. 
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High penetration PV system to a medium voltage distribution feeder 

Risks mitigation and advantages 

Nileen feeder case study 

GHAZAWNEH. K .T 

Jerusalem District electricity Company LTD 

Palestine 

Summary: 

  Palestine have an excellent solar radiation all around the year, the commercial and industrial 

growth increases the demand for the electrical energy, this progress also affected the people’s 

life style and increases the demand in the residential sector as will. 

 Supplying this demand means buying a new connecting point from the IEC establishing new 

distribution feeder and up grading the existing ones to supply the demand and deal with 

voltage drop problem associated with the increased load. 

  Building the right size PV stations and choosing the right injection point can be an alternative 

solution for the mention above work. 

  In this study where going to show the effect of using the different PV panels technology ,the 

drop voltage effect due to loading ,harmonics influence ,fault analysis, high penetration  effect 

and solutions,  beside deploying an energy storage banks. 

Key word: 

 Photovoltaic stations, injection point, voltage drop, fault analysis, harmonics. 

1. Introduction: 
Nileen is a village located at 50 Km western north to the city of Jerusalem where it fed trough an 11 KV 

medium voltage branched from kharbatha station, where this station is equipped with 10 MVA 33/11KV 

power transformers. 
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Fig 1. Transmission Line  

 

The feeders average day time load exceeds 3MVA where a proposed 3KWp PV station will be connected 

to this feeder. 

 

Load flow simulations will be done for the feeder before and after the stations connection using Etap soft 

ware. 

 

The voltage drop losses and harmonics transformers’ vector group effect will be shown through the soft 

ware simulation as will. 

 

2. Load Flow: 

 load flow analysis shows a 2.2% voltage drop due this feeders load at kharbaths station main bus bar, 

but the total voltage drop due to stations loads exceeds 4% so eliminating this drop is an advantage. 
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Fig 2. Load Flow normal condition[6] 

 

Fig 3. With a 3 MWp PV connected[6] 

Connecting a PV station minimize the voltage drop by 1.2% even though it covers the total load ,that’s because the PV 

station generates real power (WH) only and it didn’t deal with power factor correction as it shows it had dropped from 85% 

to 78%. 

And so in this case the losses we save only going to cover the penalty for the bad power factor. 
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Fig 4. Adding capacitor banks[6] 

By adding the capacitors bank the voltage had regulated with 1% extra and the power factor as will had been corrected. 

The capacitor banks designed to keep a 90% power factor, of course the power factor correction panel needs to be 

connected at a step that enters in a manner that suits the PV station output number of steps need to be considered to 

minimize the transient due to switching , switching control should be in a FIFO manner(first in first out) to reduce the duty 

time for each step in the capacitor bank, for the control issue purposes and later harmonic analysis capacitor bank at the 

low voltage side is a better choice. 
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Fig 5. Power factor correction bank[4] 

2. Harmonics analysis: 
Inverter s injects harmonics to the grid causing harmonic distortion, as these harmonics propagate 

through the grid its compensated causing heating of the grids elements. 

 

Harmonics spectrum for th 12 and 18 pulse inverters had been chosen the 12 pulse inverter have less 

harmonic distortion effect compared with the 18 pulse inverter. 

 

 

 
Fig 6 12Pulse inverter wave spectrum[6] 
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Fig 7. 18 Pulse inverter wave spectrums[6]. 

 

 

Fig 8. Harmonic distortion at different parts of the grid.[6] 
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  Harmonic distortion effected had been compensated after connecting the power factor correction capacitors’ next to each 

transformer side. 

 

Fig 9. Harmonic distortion with PFC Capacitors [6]. 

  Attention should be pay, that theses harmonics had been compensated and dissipated as heat in the capacitor banks , 

cooling should be revised for the capacitor cabinet ,and the switching control so that each capacitor serve for less than 

three hours of the six hours of the station average active duty time. 

 Beside connecting the cap bank at the 11 KV side of the station have the same effect regarding power factor correction 

,but it is not the same regarding  harmonic distortion compensation as shown In the simulation below, that supports our 

decision  in connecting the capacitor bank at the low voltage side of the transformers. 
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Fig 10.Effect of Cap Bank location on THD[6]. 

3. Panels technology effect: 

  A simulation for the location using PV SYS 6.4.3 for three different panels technologies (Mono-poly-thin film), the analysis 

output of the three types is close, so the price Vs area needed should be the key in choosing the panel type, as shown in the 

table below. 

Panel 

Technology 

Trina 345 Mono Hanwa Q cell 340poly First solar Thin film 123 

Annual output 

KWH/KWp 
1842 1847 1839 

Panels No 2898 2941 8160 

Panels area 5623 5864 5875 
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Fig 11. PV simulation according to panel Technology[7]. 

 

3. Short circuit current: 
Fault current contribution due to PV system parley can be noticed at the low voltage, the main contributor 

is the transformer, as it obvious, comparing the fault currents between the 1MVA and the 1.5MVA 

transformers, IEC standard do not recommend using distribution transformer of capacities greater than 1 

MVA at 11KV distribution feeders. 
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Fig12.short circuit analysis [6]. 

4. Conclusion: 

 

  The advantage of PV generation stations scalability, and installation flexibility, are the most tempting 

characteristics, grid study and load flow analysis should be done, choosing the right injection point 

increases the feasibility of PV station, but ignoring the side effects of the station like power factor and 

harmonics will cause an unexpected losses. 

 

  A future studies need be done for the prober earthling design to deal with step and touch voltage for 

safety reason and to make sure that theses voltages won’t cause any harm for the systems equipment, 

where in some cases with bad earth design these voltages might be higher than the equipment insulation 

,which in general 1 KV. 

 

  Also the fluctuating effect caused by cloudy weather should be inspected where a voltage fluctuation 

might occur in a magnitude equal to that value in which the station regulated the grid before it had been 

connected, and how loads connected to grid might behave and if it is harmful. 
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SUMMARY 

 
The global stock of electric vehicles (EVs) reached 1 million during 2015 and passed the 2 million in 

2016. This rapid rise has been led by China, the US, Japan and several European countries. Moreover, 

10,000 electric car charging stations to be built in Jordon, also Egypt starts to import electric cars from 

Europe to encourage the usage of them in the internal market.  The uptake of EVs is the result of several 

factors, including strong technological progress, cost reductions (especially batteries), and policy 

support. The research and development activities on electric vehicles (EV) increase the share of electric 

vehicles within the passenger car up to 2030. 

 

The use of electric vehicles represents an increase on the electricity demand and therefore, in order to 

satisfy this new demand, the electric utilities will have to enlarge the utilization of the existing capacity 

or build new facilities. Additionally, even if the generation capacity is enough to cover the new 

electricity needs, the transmission lines can present constraint problems if they are not adjusted to 

transport this new power, consequently this can generate bottlenecks on the distribution grids. For 

these reasons a vehicle grid interface is very important to achieve and adequate management of the 

electric resources enhancing the reliability. 

 

EV may bring about numerous benefits, such as increasing the use of PV, reducing emission of various 

air pollutants and noise, increasing energy efficiency compared to internal combustion engines, and the 

substitution of oil as the main primary energy source for road transport. Yet a massive uptake of electric 

vehicles may trigger strong power system interactions. Threats and challenges with distribution and 

transmission systems such as modeling the load profile and generation capacity, transformer loss of 

insulation life due to increase of thermal stresses, impact on aged equipment…. etc, are exist. 

On the other hand, opportunities such as vehicle to grid (V2G), compliance with renewable energy, and 

smart charging also exist. For example, the use of EV batteries is to store excess electricity and to 

provide ancillary services to the grid, such as frequency regulation, shaving peak demand, power 

support to enhance the operation, and reserve capacity to secure the grid. It has been found that EVs is a 

solar PV enabling technology, and a potentially promising solution to the surplus electricity generated 

by solar PV. 

In summary, this paper presents the various consideration of EV integration into the electrical network 

and its impact on it. Besides, it illustrates different technologies of how the electrical grid can benefit 

from EV opportunities together with PV and how to overcome its challenges. 
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INTRODUCTION 

 

The use of electric vehicles is set to increase substantially in many countries around the world. 

EV sales have grown rapidly over the past five years, reaching nearly 500 000 worldwide in 

2015, and nearly 800 000 in 2016, with nearly half of 2016 sales in China. EV sales and market 

share are quite variable across different countries and markets. In 2015, the EV market share 

was over 20% in Norway, nearly 10% in the Netherlands, and 3% in California, while under 

2% in all other major markets. Electric trucks and buses are also emerging, with over 150 000 

electric buses in service around the world, mostly in China. Electric two-wheelers are the 

runaway leaders with over 200 million sold through 2015, the vast majority in China. The 

uptake of EVs is the result of several factors, including strong technological progress, cost 

reductions (especially batteries), and policy support, including purchase incentives, driving and 

parking access advantages, and increased public charging infrastructure availability [1]. 

 

Two main types of electric vehicle (EV) have both achieved significant sales in the world’s 

major vehicle markets in the past years. These are: (1) battery electric vehicles (BEVs), which 

use only batteries for energy storage and must be plugged in to be recharged, and (2) plug-in 

hybrid electric vehicles (PHEVs), which have both batteries and liquid-fuel storage/refueling 

systems. 

In both cases, the electric motor is very efficient, using 90-95% of the input energy to power 

the movement of the vehicle, and offer zero vehicle emissions driving. But the use of batteries 

poses the two main challenges for battery electric vehicles: their cost and driving range. Most 

current models of BEV do not store enough energy to provide “normal” driving range and are 

limited to below 250 km (160 miles) per recharge. However, some new and forthcoming models 

offer substantially more range, up to 400 km. PHEVs already offer 500 km or more due to the 

availability of their liquid fueled internal combustion engine [1]. 

 

For the most benefit, EV deployment requires four concurrent strategies: (i) electrification of 

vehicles; (ii) provision of sufficient charging equipment; (iii) decarbonization of the electricity 

generation; and (iv) integration of electric vehicles into the grid. Electric vehicles need to be 

recharged on a regular basis, and this can occur either at home or at work. It can also be done 

while shopping or during other types of stops when travelling. A general issue for EVs has been 

the long duration needed for charging – typically up to eight hours for a full charge when using 

slow chargers. Faster charging is desirable though not needed in most situations. Home slow-

charging mostly, but not always, happens at night. This is relevant since EVs interact with the 

grid via charging and discharging [1]. 

 

Yet a massive uptake of electric vehicles may trigger strong power system interactions. 

Importantly, the impacts on power plant dispatch, system peak load, charging cost, and carbon 

emissions may depend substantially on the charging mode of electric vehicles. So, the 

integration of the EV into the electrical grid can present either opportunities and threats [2]. 

 

2. THE IMPACT OF EV ON THE ELECTRICAL GRID  

 

The charging of a single electric vehicle is generally located in the low voltage distribution 

network. If the charging process of an electric vehicle at home with 11 kW is displayed, the 

load curve of this single household over the period of one day shows the load of an electric 

vehicle between 9 pm and 10:15 pm. The charging of an electric car is the equivalent of adding 

one house to the grid, which can be a significant additional burden, as a new electric vehicle on 

a dedicated circuit could draw 6.6 kilowatts—and up to 20 kilowatts in the case of an optional 

home fast charger for a Tesla Model. So, the charging of the electric vehicle nearly doubles the 

household electricity consumption of this day and triples the peak power. Considering, that 

there could be several electric vehicles charging uncontrolled in the neighborhood on that 

evening, there will be an overload at the local transformer due to the simultaneity of this high 
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load peaks. A local power outage might be the result. Unfortunately, the prediction of this 

hazard is complex as the spatial probability for electric vehicle penetration rates differ strongly 

[2]. 

 

• International Experiences 

� UK Experience 

The impact of the energy requirements of an increased number of electric vehicles on 

the UK national power grid has been evaluated in this example. The network model 

includes the distribution network from the primary voltage level (33 kV) down to the 

low voltage level (400/230 V). The 33/11 kV substation has six 11 kV outgoing feeders, 

each supplying eight 11/0.4 kV substations. The 11/0.4 kV substation consists of four 

400 V outgoing radial feeders. To simplify the analysis, only one 400 V feeder together 

with its connected loads and EV (if any) was modelled in detail. The other feeders 

together with their connected loads were represented as an individual lumped load 

connected to the main substation. The model assumed that each 400 V feeder supplies 

the equivalent of 100 individual domestic customers. [Ref 3] 

 

Supply Demand 

As maximum demand in the UK and Europe is highest in winter, this load profile is first 

considered for the following analysis. Three EV penetration scenarios are considered; 

10%, 20% and 30% of houses have EVs and each charge at a constant 10 A current for 

six hours. Three scenarios for EV charging were considered. 

 

Scenario 1, uncontrolled domestic charging, assumes that there are no 

controls/incentives in place to modify load scheduling. Thus, users will tend to plug 

their vehicles into the charging outlets, as soon as they get home from work – at 

approximately 6:00 p.m. The result is that EV charging adds to the pre-existing peak 

load and gives an even larger peak, as shown in Fig.1. It is noted that an increase of 

about 18% in maximum demand results from every 10% increase in houses with EVs. 

Obviously, this is the worst-case scenario. [Ref 3] 

 
Fig.1: Winter Curve, EVs Unscheduled 

 

Scenario 2, off-peak domestic charging, assumes that a simple timed controller is added to the 

charging circuit which schedules charging to start at 1:00 a.m. and remains on until 7:00 a.m. 

Fig.2. shows the improvement to the load curve and no impact on the distribution network 

capacity. Although the overall profile is improved, there is still a peak after midnight and a dip 

at around 7:00 a.m. 
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Fig.2: Winter Curve, EVs re-scheduled 

 

Scenario 3 assumes that the demand profile can be made more uniform by phasing of 

charging schedules. This is considered to be the ‘smart’ charging. Fig.3. shows the 30 % of 

EV loading, split into four schedules – each 1/4 of the total charging load [3]. 

 
Fig.3. Winter Curve, EVs re-scheduled and phased 

 

 Voltage Profile 

 

Voltage levels at different substations shown on the network model are analyzed with different 

EV penetration levels (assumed to be uniformly distributed). Two cases of EV penetration 

levels are assumed, these are 20% and 30% of the houses have EVs plugged to the supply. 

 

Fig.4. shows the voltage profiles for maximum loading conditions when EVs are connected in 

the charging mode. As can be noted, charging of EVs has created extra loading on the feeders. 

At 20% level, operation of the on-load-tap-changer (OLTC) keeps the voltage levels within the 

statutory minimum limit of -5% (for 11 kV level). However, with 30% level, the tap changer 

reaches its limit and the voltage drops below the limit [3]. 
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Fig.4. Voltage profiles for maximum loading and EVs in charging mode 

 

� USA Experience 

This example uses data from the town of Blacksburg in Virginia with distinct campus 

and residential sector. Load profile of the campus area is like that of the commercial 

sector.  This is utilized to study the impacts of EV load on the distribution system. Three 

charging models are considered, the step charging load assumes that recharging of all 

the EV's start at the beginning of the off-peak hour, the interval charging load profile is 

based on sequential application of equal EV load at an interval of 2 hours, the uniform 

charging load profile is based on a steady and continuous application of EV load over 

the possible hours. 

 

Fig.5. shows the addition of charging load (for 10 % penetration level) to the total load. 

It appears from Fig.5. that this addition of charging load is comfortably absorbed by the 

whole system without any adverse effect under any of the three charging models [4]. 

 
Fig.5. Total area load with EV charging load at 10% penetration level 

 

• Electric Vehicles in Egypt 
On February 11th, 2018, in the presence of the Egyptian minister of trade and industry, the 

first charging station for electric vehicles charging unit was commissioned at a state-owned 

Wataniya gas station on the Cairo-Suez highway and owned by a developer of electric 

charging infrastructure and other electric vehicle-related projects. 

 

The commissioning of this unit laid down the foundation towards building Egypt's vehicle 

infrastructure with a total cost of EGP LE60 million; the project's first phase consists of the 

installation of 65 charging units across seven Egyptian governorates; in Cairo, Giza, 

Alexandria, Port Said, Ismailia, Suez and the Red Sea. The second phase will presumably in 

2019, in which the Delta region will be addressed as well. The second phase will also see 
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the introduction of 1,000 electric cars into Egypt, whereas the third phase and final phase 

will construct charging infrastructure in Sinai and Upper Egypt by 2020, amounting 

ultimately to a total of 300 stations. 

 

Nowadays, an ongoing pilot project to study the anticipated impact of Electro-mobility  

(e-mobility) on the Egyptian utility grid, and to evaluate appropriate solutions accordingly, 

such as: 

- Develops and validates the model of the distribution network to quantify and assess the 

impact and penetration levels resulting from the EV fleet on the short-, medium- and 

long-term. 

- Analyze and/or estimate of the population structure and expected driving patterns. 

- Estimate how many charging stations are necessary to meet the load-demand on yearly 

basis. 

- Identify locations of the charging stations in an optimal manner to minimize energy 

needs and impact on the distribution network. 

- Expose grid regulators to the international best practice concerning regulatory structures 

and tariff design. 

 

The findings of this pilot project will form the basis to define a concrete framework under 

which the deployment of EVs shall be generalized in other regions in Egypt [5] 

3. HOW TO FACE THE IMPACT OF EV ON THE ELECTRICAL GRID  

 

It is obvious from the previous part that the share of electric vehicles (EV) on the passenger 

car will lead to a further increase in electricity demand (energy and power) – especially 

during peak hours and, again, on the low voltage grid. Hence, on the one hand a more 

complex energy supply can be observed, and on the other hand an increased electricity 

demand with higher peak loads in the evening hours is expected [6]. 

However, a modified charging process of electric vehicles might help to tackle these 

challenges: (1) by controlled unidirectional charging and (2) by controlled bidirectional 

charging. This allows reversing the previously unchanged principle of energy economics, 

which states that electricity supply usually adjusts to the more or less price-inelastic 

electricity demand. With the price-elastic charging of electric vehicles, however, the 

electricity demand becomes more variable and helps to adjust the electricity demand to the 

inflexible but volatile future electricity supply with a high share of renewable energy. The 

degree of freedom and the effectiveness of demand side management can be enhanced by 

implementing stationary storage systems in the distribution grid. This is an alternative to 

vehicle to grid, but could be more expensive, since the battery is only used for storing 

electricity. 

 

• Solution 1: Smart charging 
Smart grids, with direct communication between energy supplier and consumer, allow 

optimizing the coordination of electricity demand and supply in an efficient manner. This 

includes demand side management approaches influencing the electricity user to adapt its 

electricity demand over time: e. g. through dynamic tariffs. The potentials in average 

households are usually small due to the users’ low-price elasticity. However, electric 

vehicles increase these potentials substantially: the energy consumption in an average 

household will almost double and the parking time is by far long enough to allow a load shift 

without constraining the users. Hence, if users allow automatic delayed charging, the 

increase of peaks can be avoided (‘peak shaving’) and, additionally, the low electricity 

demand during the night can be increased, which leads to an increased efficiency of baseload 

power plants. [Ref 6] 
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The technical possibilities for smart charging depend on the one hand on the charging 

infrastructure at the parking places, and on the other hand on the information and 

communication technologies (ICT) implemented. Without special charging infrastructure the 

communication and billing requirements have to be inside the car. In case of charging stations 

with implemented smart charging capabilities, this equipment has to be located there. 

Furthermore, a communication between the charging station and the car is mandatory. These 

communication capabilities are still in standardization process (DIN IEC 62196). [Ref 6] 

 

Depending on the existing infrastructure three main charging scenarios can be defined: 

• Charging only at the household plug at home, i.e. in Germany at 3.5 kW 

• Charging only at home and at the workplace at e.g. 3.5, 11 or 22 kW 

• Charging everywhere with up to 43 kW. 

 

Hence, through smart charging of electric vehicles the electricity grid is released and the supply 

side of the market gains stability. But is this profitable for the vehicle user? For this the user 

might ask whether the spread of the dynamic tariff is sufficient to cover the following costs: 

• The implementation costs of the information and communication technologies 

   infrastructure (i.e. smart meter). 

• The additional degradation of the battery (which can be neglected as far as the 

   maximum charging rate remains equal). 

 

The following example should illustrate these considerations: In average about 3,000 kWh/a 

charging energy per car seems realistic. Assuming that charging at 15 ct/kWh instead of 25 

ct/kWh is always possible, which leads to savings of 300 €/a. The costs for charging 

infrastructure at home are between 150 and 350 € and communication hardware at max. 100 €. 

Hence, while investing less than 100 €/a, the car user can benefit from a considerable revenue 

of about 300 €/a. Therefore, the economic question does not seem to be the obstacle in order to 

cut the high technical potential for load shifting through smart charging [6]. 

 

Another example shows the energy prices of charging electric vehicles in Spain electrical 

network in different days. It is obvious from Fig.6. and Fig.7.  that the energy price differs from 

day to day. For instant, it was 0.1521 €/kwh on 16/8/2018, while it was 0.091 €/kwh on 

25/9/2018 [7]. 

 
Fig.6. EV energy price in Spain electrical network on 16/8/2018 
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Fig.7. EV energy price in Spain electrical network on 25/9/2018 

 

• Solution 2: Relevant Markets for Vehicle to Grid (V2G) and Renewable Energy 

Deployment 

 

In using the battery of the car not only as energy storage for mobility, but also for the grid, is 

referred as “Vehicle to Grid” (V2G). It includes on the one hand side that not only the charging 

time and charging rate is controlled, but alike the discharging (and hence feeding back into 

the grid) to allow optimal and cost-efficient grid stability. On the other hand, the mobility 

autonomy of the vehicle owner is further reduced. Moreover, the additional battery use 

accelerates its degradation, which might lead to extra costs if an additional battery replacement 

during the vehicle’s life time is required. 

 

If the number of electric vehicles (and especially battery electric vehicles) does further 

increase, the vehicles, while plugged-in, can be interpreted as a large virtual electricity storage 

system. This requires a bidirectional electricity link and an intelligent management system for 

all plugged-in electric vehicles. If one million electric vehicles are assumed, an average 

available battery capacity of about 10 kWh per electric vehicles leads to a storage capacity of 

10 GWh – which is about the capacity of two large pump storage power plants. The 

corresponding capacity amounts to 3.5 GW (or 22 GW for 22 kW charging) respectively – 

more than three large power plants at nominal load.  

 

The V2G mode could also be considered as a bidirectional charging where EV can charge 

from and discharge to the grid at regular intervals. EVs can be used to enable a higher share 

of variable renewable energy in the power system by: (i) actively using the mobile battery 

storage system in the vehicle in V2G applications, (ii) use of second-hand batteries in a 

“second life” role as stationary battery storage systems, (iii) widespread deployment of 

charging technologies and infrastructure, (iv) evolution in consumer behavior of EV owners, 

and (v) provision of other ancillary services from EVs to the grid.  

 

This occurs by making use of EV batteries to store excess electricity and to provide ancillary 

services to the grid, such as frequency regulation, shaving peak demand, power support to 

enhance the operation, and reserve capacity to secure the grid. One of the main advantages of 

EVs are their high level of flexibility in charging times which can efficiently support operation 

of the grid. According to IRENA’s Remap analysis, if a target of 160 million EVs worldwide 

can be reached by 2030, this will provide around 8 000 gigawatt-hours (GWh)/ year in battery 

storage that could help to accommodate higher shares of variable renewable energy. This is 

equivalent to approximately 1 200 GW of battery storage capacity. Along with the pumped 

hydro storage and second-hand batteries estimated under RE map by 2030, this adds up to a 
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total of 1 650 GW. This compares with approximately 3 700 GW of variable renewable power 

capacity. The stored battery capacity can provide additional support to renewable power 

integration to the grid among other flexibility measures [1]. 
 

For example, a study in Portugal modelled the integration between a high vehicle share of EVs 

and a large scale of deployed solar PVs on the grid by 2030 and 2050. It found EVs to be a 

solar PV enabling technology, and a potentially promising solution to the surplus electricity 

generated by solar PV. Another possible value of batteries is for stationary storage at the end 

of the life-time of the EV. China is expected to have 12 000 charging stations by 2020. A 

study by the China National Renewable Energy Centre (CNREC/ ERI, 2015) indicated that 

the storage benefits of the increased use of EVs will help China attain higher shares of variable 

renewable power (IRENA, 2016b) [1]. 
 

In Egypt, the E-mobility plans are supposedly synergizing with Egypt’s strategic targets, in 

which it aims to promote the diversity of energy sources and boost its use of renewable energy 

to 20% by 2022 and 42% by 2035. 

 

4. CONCLUSION AND WAYFORWARD  

  

Large deployment of EVs and PHEVs is expected to lead to potential problems for power 

networks. This paper shows that large deployment of EVs could results a violation of 

supply/demand matching and statutory voltage limits.  EV interface devices may be designed 

to minimize or even eliminate the effects of EVs on the network. In fact, with appropriate 

control and communication with the grid, EVs could be designed to operate as part of a ‘smart 

grid’ to provide ancillary services such as supply/demand matching and voltage/frequency 

control. 

Thus, a strategic plan has to be prepared to study the impact of EV on the national electrical 

grid, in order to implement the suitable needed infrastructures facing this trend. 
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SUMMARY 

 
SWOT stands for Strength, Weakness, Opportunities and Threats. The combination of 

this information in a four quadrant form is often used to improve decision making in strategic 

planning in various applications. This allows quick qualitative overview and helps the 

planners to understand how to better capitalize on strengths and opportunities or how can 

he/she overcome weaknesses and improve abilities to deal with upcoming challenges. The 

SWOT method can be used at all levels either a company or whole industry sectors in a 

country level to assess the concerned situation. 

This paper describes the formation and application of the SWOT method for analyzing 

photovoltaic state of the art, potential and future prospects for development of photovoltaic 

systems in Egypt. These include small and large scale photovoltaic electricity generation, 

photovoltaic systems production, and installation. Strengths, weaknesses, opportunities and 

threats are discussed. Installed capacities and types of energy sources in Egypt are presented, 

including the progress and use of photovoltaic systems. Finally, general recommendations for 

the development of photovoltaic systems in Egypt are reported. 
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1. INTRODUCTION 

Renewable energy in Egypt expected to reach 20% by 2022 and the photovoltaic will be 

2.2%. By 2035 the renewable energy is planned be 42% and the photovoltaic will be 22% [1]. 

The Strengths, Weaknesses, Opportunities and Threats (SWOT) method is a useful renowned 

tool for audit and analysis of the overall strategic position of photovoltaic systems in Egypt. 

The aim of the SWOT is to identify the strategies that will create a firm photovoltaic business 

to best aligning resources and capabilities to the requirements for successful utilization and 

development of this renewable technology in Egypt. SWOT analysis facilitates evaluating 

potentials and limitations against probable opportunities and threats. Positive and negative 

factors that affect the success are identified. 

A SWOT study in energy research has been conducted by the European Commission [2]. 

In [3], a SWOT analysis of renewable energies for zero emission transportation in Europe is 

described. In [4], energy resources and SWOT analysis of renewable sources are discussed. 

SWOT analyses in India is represented in [5-6] for renewables and especially for 

photovoltaic. SWOT Analyses of five North African countries (Morocco, Algeria, Tunisia, 

Libya and Egypt) is discussed in [7]. A SWOT analysis of the renewable energy sector in 

Poland (Case study of Wielkopolskie region) is presented in [8]. In [9], a SWOT analysis was 

conducted in Romania using information provided in publications in the area of solar energy 

with emphasis on statistical data, reports on predictions, strategies and outcomes. The SWOT 

framework is applied to detect internal and external factors that affect renewable energy 

development in three countries in eastern Asia (Japan, South Korea, and Taiwan) [10]. 

This paper presents SWOT formation and analysis of photovoltaic energy in Egypt for 

sustainable development. Alternative energy sources are first discussed. The current state and 

future of photovoltaic energy systems in Egypt are discussed. These include small and large 

scale photovoltaic electricity generation, photovoltaic systems production, and installation. 

Strengths, weaknesses, opportunities and threats are discussed. Finally, general 

recommendations for the development of photovoltaic systems in Egypt are reported. 

The rest of the paper is organized as follows. Section 2 describes the installed capacity and 

types of energy sources in Egypt. Section 3 presents the state of photovoltaic systems in 

Egypt. Section 4 describes the methodology of SWOT analysis. Section 5 presents the 

photovoltaic SWOT analysis in Egypt. Section 6 lists recommendations and Section 6 

summarizes the main conclusions. 

 

2. ENERGY AND FOSSIL RESOURCES CURRENT STATE IN EGYPT 

It is well known that no single energy source can sustainably meet the energy demands of 

any country over the world. Using different energy sources is a viable way of achieving 

security in energy supply. In Egypt, the total installed capacity in 30/6/2017 reached 45008 

MW compared to 38857 MW in 30/6/2016 at a growth rate of about 15.8%, distributed as 

follows [11]: 

• Gas 13345 MW 

• Steam 15449 MW 

• Combined Cycle 12527 MW 

• Hydro 2800 MW 

• Renewables 887 MW 

The percentage of the total installed capacity is shown in Figure 1. 
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Figure 1: Installed capacity percentage by type. 

 

The operation policy of the existing thermal power plants depends on the maximum 

utilization of natural gas, as the principal fuel, due to its economic and environmental benefits. 

Usage of natural gas in power plants connected to the gas grid reached 80.1% in 2016/2017 

representing 78.8% of total fuel consumption in power generation [11]. Egypt possesses an 

abundance of land, sunny weather and high wind speeds, making it a prime location for 

renewable energy sources. The renewable equipment market is potentially worth billions of 

dollars.  Egypt intends to supply 20 percent of generated electricity from renewable sources 

by 2022, with wind providing 12 percent, Hydro power 5.8 percent, and Solar 2.2 percent as 

shown in Figure 2 [11]. The New & Renewable Energy Authority (NREA) plays a strategic 

role in the government’s renewable energy plans. It currently has about 500 MW of wind 

power plants in operation and 1340 MW under implementation and development, and is 

expected to contribute substantially to the rapid expansion of wind power capacity. 

 

 
Figure 2: Percentage of generated electricity from renewable sources by 2022. 
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There are also three privately owned independent power producers (IPPs) with total 

generation capacity of about 2.5 GW, which started operations in 2002-2003 under 20-year 

long power purchase agreements with the Egyptian Electricity Holding Company (EEHC). 

The Egyptian government renewable energy plans for 2015-2023 include 3.2 GW of 

government projects; 1.25 GW under build-own-operate (BOO) mechanisms, and 920 MW as 

IPPs. In January 2017, Egypt selected 67 companies to take part in developing 4.3 GW of 

renewable energy projects; currently, pre-qualified companies are in the land-allocation 

process [1]. 

 

3. PHOTOVOLTAIC CURRENT STATE IN EGYPT 

Egypt enjoys favorable solar radiation intensity. The solar atlas for Egypt was issued 

indicating that the country enjoys between 2900 and 3200 hours of sunshine annually, with 

annual direct normal intensity of 1970-3200 kWh/m2 and a total radiation intensity varying 

between 2000 and 3200 kWh/m2/year from the north to the south of Egypt [1].  

Figure 3 shows potential locations of solar and wind energy systems in Egypt [1]. 

 

 

Figure 3: Solar and wind energy systems in Egypt [1]. 
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Since the early 1980s, photovoltaic systems have been demonstrated in Egypt for different 

applications, including pumping, lighting, advertising, cold storage and desalination. A 

cumulative 30 MW of off-grid power plants have been installed and operational by the end of 

2016. Installation of on-grid distributed PV systems only began in mid-2014 through two 

government initiatives for rooftop PV systems on public buildings, under which about 3 MW 

of PV systems were installed and connected to the distribution networks. This resulted in an 

increase of about 10 MW after the adoption of the first phase of the Feed-In Tariff (FIT) [12]. 

The NREA has finalized feasibility studies for two large-scale PV plants with an installed 

capacity of 20 MW and 26 MW, respectively, to be constructed in Hurghada and KomOmbo, 

and expected to be realized late in 2019. The first is to be financed by JICA (Japan) and the 

second by AFD (France) [13]. Benban is widely seen as the Egyptian government’s flagship 

renewable energy project, which will be used to set an example for future initiatives in the 

sector [14]. Located in the south of the Egyptian territory, the project has an estimated total 

cost of up to US$4 billion and will produce 1.8 GW of power when operational. The project 

site consists of a 37 square kilometer plot divided into 39 projects of approximately 50 MW 

each and allocated to special purpose project companies owned by developers and investors. 

The government strategy entering into the production of photovoltaic panel as the  

Arab Renewable Energy Company is a member of the Arab Organization for Industrialization 

in the field of assembling photovoltaic panels. According to Egypt News: "There is project 

would complement the memorandum of understanding signed by the Ministry of International 

Cooperation with the Ministry of Military Production and China to exchange experiences, 

help local production, and the transfer of technology and knowledge required to manufacture 

and produce solar energy from silicon panels". 

Implement the decree No. 914 of 2018 issued by the Minister of Trade and Industry:  

• “Article 3: Importers and producers are obliged to refer to the Egyptian Organization for 

Standardization and Quality to conform the photovoltaic cell products as a body to 

evaluate the conformity of the products to verify the quality and performance of the 

products before they are put on the market according to the conformity assessment 

procedures in place. The tests will be carried out by the New and Renewable Energy 

Authority”.  

• “Article 4: Giving producers and importers a one-year grace period to adjust their 

situation”. 

 

4. SWOT ANALYSIS –METHODOLOGY 

A SWOT analysis is a structured planning method to evaluate the strengths, weaknesses, 

opportunities and threats involved in a project or business venture. The scheme of SWOT 

analysis is shown in Figure 4. The degree to which the internal environment of the entity 

matches the external environment is expressed by the concept of strategic [15, 16]:   

• Strengths: characteristics of the business/project that give it an advantage over others. 

• Weaknesses: characteristics that place the business project at a relative disadvantage. 

• Opportunities: elements the project could use to its advantage. 

• Threats: elements in the environment that could jeopardize the business/project. 

The SWOT analysis in this paper reveals how the photovoltaic sector in Egypt is currently 

developing and gives pointers to the future, while indicating the greatest problems of and 

threats to the photovoltaic sector in Egypt. 
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Figure 4: Scheme of SWOT analysis. 

 

5. SWOT ANALYSIS OF PHOTOVOLTAIC SYSTEMS 

The real penetration of photovoltaic energy in Egypt started in 2013 with the Government 

Initiative to install photovoltaic systems on 1000 governmental buildings. Then the Cabinet 

issued the Feed-In Tariff (FIT) low first round in 2014 [12] and the second round of the FIT 

law in 2016 [17] to encourage the public and private sector to invest in photovoltaic projects. 

From 2013 till the present date all notes are followed up and recorded. From these notes the 

following SWOT analyses are derived: 

 

5.1 Strengths: 

• The geographical location of the whole Egypt is almost appropriate place for getting 

solar energy in abundant and there are also vast areas in rural Egypt can be utilized for 

installing photovoltaic panels. 

• A photovoltaic energy system can be installed anywhere, photovoltaic panels can be 

easily placed on houses and public building roof tops. 

• Photovoltaic energy is environment friendly; it does not release CO2 and other gases 

that pollute the air. 

• Comparable price of kWh for 25 years with conventional energy resources. 

• Low operating cost. 

• Low maintenance. 

 

5.2 Weakness: 

• The initial investment cost is high. 

• No local photovoltaic industry, yet. 

• Production does not occur at a stable level. 

• Feed-In Tariff law ended since October 2017, leading to decrease in investment. 

• Maintenance of photovoltaic panels at frequent intervals. 

• Lack of technical support for the remote locations. 
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• Few research credits. 

• Public lack of awareness and education. 

• No available data base yet for on-grid and off-grid photovoltaic systems. 

 

5.3 Opportunities: 

• As the government strategy is entering into the production of photovoltaic panels, this 

may lead to reduction in cost. 

• Starting to introduce the ideas of renewables in educational curricula. 

• Lower subsidy for energy. 

• Egyptian government undertakes to reinvest part of its revenues in renewable energy 

especially photovoltaic energy (the project of 1000 governmental building by 1000 

photovoltaic system since 2013). 

• Open new markets by electrifying rural dwellings. 

 

5.4 Threats: 

• Dust and low raining may affect the performance of photovoltaic panels. 

• Temperature in Egypt can be more than 25°C in summer days, which may affect the 

performance of photovoltaic panels. 

• The peak load in Egypt occurs after sunset so there is no direct use of photovoltaic 

energy at peak load. 

• Needs of water in frequent maintenance of photovoltaic panels. 

• Does not take advantage of current expertise. 

 

6. RECOMMENDATIONS 

• Higher subsidies for photovoltaic system components. 

• Incentives for using photovoltaic systems. 

• Encourage investment in photovoltaic system by efficient price for kWh as feed-in tariff 

laws 2014 and 2016. 

• Increase public awareness. 

• Every building which has photovoltaic system, should record the production of 

photovoltaic energy with a dedicated device to review this record frequently. 

• Create database for on-grid and off-grid photovoltaic system to be under responsibility 

of a single entity. 

 

7. CONCLUSION 

Egypt has a good opportunity to produce a large part of electricity from renewable 

energies, especially photovoltaic systems for local use and exporting. The geographical 

location of the whole Egypt is almost appropriate place for getting solar energy. However the 

initial cost of photovoltaic is expensive so it needs higher subsidies for photovoltaic 

components. In this paper SWOT analysis of photovoltaic energy has been presented for a 

sustainable development and the general recommendations have been reported. 
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SUMMARY 

 

The growing energy needs throughout the world motivate the use of renewable energy sources. 

This trend reduces dramatically the environmental impact of conventional power plants. Among 

the types of renewable energy sources, wind energy is considered as one of the most preferable 

ones. Integration of wind energy into a distribution networks affects the system losses and 

voltage regulation. In addition, power quality issues such as voltage fluctuations, harmonics and 

flickers are also affected. Thus, the integration of wind energy could cause problems to load and 

equipment of power system. In this paper, the power quality and power losses in addition to the 

voltage regulation will be investigated in distribution networks comprising high penetration of 

wind energy sources. The standard IEEE 13-bus system is considered as the investigated 

network. Doubly-fed induction generators (DFIGs) driven by wind turbines WTs are used to 

supply a distribution network. The entire system is modeled using MATLAB Simulink software. 

In order to evaluate the power quality, power losses and voltage regulation, the system is tested 

under several conditions such as different high-penetration levels of wind energy, load variation 

and wind speed variation. During steady state, the obtained results show an expected voltage 

ripple because the wind energy generators use power electronic converters. The total harmonic 

distortion THD reached 1.44% at steady state. However, this value increases during sudden 

variations of load or wind speed. The voltage drop increased by values up to 5.6% across a 

certain transmission line after inserting wind energy. In addition, the power losses increased by 

values up to 2.17% in a certain transmission line after adding wind turbines. These results were 

obtained for the case of 71.5% wind penetration and compared to the base case which presents 

the distribution network without wind penetration. 
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I. INTRODUCTION  

 

Electric energy demand throughout the world increases with high rates in the last decades. It is 
expected that the average percentage change of annual energy consumption in middle east will 
reach 2.6 % by the year 2040 [1]. Depending on the conventional power plants to provide the 
increased demand will result in negative impact on carbon footprint and environment. For 
these reasons, the use of renewable energy is highly motivated. 

The growing use of renewable energy sources causes the electrical distribution networks to be 
more susceptible to power quality problems [2, 3]. One of the renewable energy sources that is 
growing fast is the wind energy because it is distributed over the world with reasonable cost 
and it is inexhaustible source. The integration of wind energy into power system also enables 
minimizing the environmental impact of conventional plants. 

Considering the frequent power quality problems in the distribution network, in addition to the 
high penetration of wind energy, the power quality analysis of the distribution network became 
an imperative necessity. The international electromechanically commission (IEC) defines the 
power quality as "the physical characteristics of the electric supply supplied under normal 
operation that do not disturb the consumer's process" [4]. Power quality actually refers to the 
quality of the voltage supplied by the utility. Many papers discussed the effect of wind energy 
and they focused on the comparison between the performance of wind energy converters [5]. 
In [6], a comparison of power quality in grid integrated WTs was introduced depending on 
three types of wind generators, i.e., the squirrel-cage induction generator, the doubly-fed 
induction generator and the permanent-magnet synchronous generator. This comparison 
focused on fluctuations and harmonic distortion in the waveforms to study the effect of each 
type on power quality. In [7], different power quality issues have been discussed with a level of 
wind penetration of 10% but the losses and voltage regulation were not considered. Other 
researches such as [8, 9] discussed the power quality issues at the point of common coupling 
but the effect on other buses in the distribution networks and their performance were not 
investigated.  

 This paper introduces a comprehensive study of the power quality problems in a distribution 
network comprising wind energy turbines. In addition, the system power losses and voltage 
regulation are investigated since they are affected by the power quality problems. 

As a case study, the standard IEEE 13-bus distribution network is considered as the 
investigated network. This distribution network is characterized by balanced and unbalanced 
loads with constant-current, constant-power and constant-impedance loads with overhead 
transmission lines and underground cables. 

Wind energy generators are doubly-fed induction generators (DFIGs) driven by wind turbines 
(WTs). DFIG based wind turbine is the most commonly used type for wind power generation 
because of its high performance and low cost. In addition, it has high capability to achieve 
maximum wind energy and to smooth wind power fluctuations [10]. The investigated network 
is tested firstly under load changes to study the system performance without the wind energy 
penetration. Secondly, the system performance is studied with low level of wind energy 
penetration to be compared with other researches and to support the evaluation of high 
penetration effect. Finally, a high level of wind power is integrated with the system to study the 
effect of high penetration of wind energy on power quality and power losses of distribution 
networks supported by five levels of wind energy penetration.   

II. SYSTEM CONFIGURATION 

Typically, the structure of the distribution system is based on tree like feeders, where a 
standard IEEE 13-bus distribution system is considered as shown in Fig. 1. The system is  
rated at 5 MVA, 60 Hz and has two voltage levels of 4.1 kV and 0.48 kV and is connected to 
the grid at 115 kV [11]. The system includes lines, shunt capacitors, loads and transformers 
that are described below. 
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Fig. 1. IEEE 13-bus test feeder 

• Transmission Lines 

Each line is represented by the standard π-model. The line is represented by series impedance 
“Z”, and shunt admittance “Y” that is divided between the two shunt arms representing the line 
charging effect. 

• Shunt capacitors 

A three-phase shunt capacitor is placed at bus 675 with 200 kvar rating, and another one is a 
single-phase shunt capacitor that is placed at bus 611 with 100 kvar rating. 

• Loads 

The system loads are three-phase balanced loads and single-phase unbalanced loads. The three-
phase loads are connected in star and delta, while single-phase loads are connected between a 
certain phase and ground or between two phases. The loads are modeled as a constant apparent 
power, constant current, or constant impedance loads. 

• Transformer 

The distribution system contains two transformers from the step down type, with one is placed 
at bus 650, while the other one is placed between bus 633 and bus 634. 

III. SYSTEM PERFORMANCE 

The distribution system is simulated without WT as a base case and then it is compared to the 

case when the penetration of WT is considered. In the beginning, common power quality 

issues will be discussed. 

• Under voltage  
Under voltage could occur due to high voltage drop, low distribution voltage and/or heavy 
loads. The premature failure and overheating of motors are the symptoms of under voltage. 
The value of under voltage is less than or equal to 90% of nominal value with a duration of 
more than one minute. 
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• Overvoltage 
Overvoltage can be caused from high distribution voltage or light loads. Symptoms include 
premature failure of electronic and printed circuit boards. The value of overvoltage is equal to 
or above 110% of the nominal value and has duration of more than one minute. 

• Voltage sag 
Voltage sag results from weather and utility equipment problems. Problem of voltage sag for 
industry is the malfunction of devices which may result in huge financial losses. Voltage sag is 
a very deep voltage drop with a short duration from 0.5 cycles to 60 seconds. 

• Voltage swell 
Voltage swell is caused by energizing a capacitor bank or a sudden shut down of a very large 
load. Voltage swell is a very high voltage rise with a very short duration from 0.5 cycles to 60 
seconds. 

• Harmonics 
Harmonics are caused by arcs, saturated transformers, rectifiers, motor drives and electronic 
loads. Symptoms include over heating or malfunction of devices. According to IEEE standard 
IEEE 519-2014 [12], the THD limits is 2.5% for 69 kV through 161 kV systems. 

• Voltage flicker 
Flicker is defined as “An impression of unsteadiness of visual sensation induced by a light 
stimulus, whose luminance or spectral distribution fluctuates with time” [7]. Voltage flicker is 
caused by electric arc furnaces, ovens, any large-draw varying load and wind turbine 
generators. Generally, it cases annoying changes in lighting level. The flicker emission is 
evaluated using the flickermeter as described in IEC 61000-4-5. 

A. System Performance without WT 

The investigated network IEEE 13-bus distribution network is presented as a base case. It is 

tested firstly under load changes to study the system performance without the wind energy 

penetration. Two disturbances are simulated at 0.2 s and 0.6 s. At 0.2 s, the load is decreased 

to 70% of its nominal value and, then, at 0.6 s, the load is increased to 90% of its nominal 

value. In Fig. 2, 3 and 4, the RMS voltage is shown where the voltage at bus 650 (PCC) 

exhibits almost no changes. The voltages at buses 632 and 671 show a significant voltage 

change at times 0.2, 0.6 s. At 0.2 s, a clear voltage swell is observed. 

 
Fig. 2. Voltage at bus 650 
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Fig. 3. Voltage at bus 632 

 
Fig. 4. Voltage at bus 671 

 

Harmonic is one of the important issues of power quality problems. Total harmonic distortion 
(THD) is studied at different busses as shown in Fig. 5, where THD equals zero during normal 
operation. When the load is decreased to 70% of the nominal value as mentioned above, the 
THD increased from 2% at bus 650 up to 37% at bus 684. The results show that the least 
affected bus during the disturbance is PCC. On the other hand, the largest affected bus is bus 
684 that is far from PCC. Illustrating the results at different buses in the distribution network is 
essential for evaluating the effect of high penetration of wind energy on the performance of the 
entire network. When it is required to allocate wind turbines, or other renewable energy 
sources, such analysis has to be considered to guarantee the best operation. At 0.6 s when the 
loads are increases once again to 90% of their nominal value, the THD increases similar to the 
behavior with the first disturbance, but with lower levels. Generally, the relative values of the 
THD at different buses are similar to the case at 0.2 s, which gives an indication about the 
overall behavior of the network after any disturbance.  

 
Fig. 5. THD at different busses 
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The voltage drop (VD) and power losses through the distribution lines are presented in 
Table. 1. Because the system is unbalanced, the power losses and voltage drop are not equal for 
the three phases. In the following analysis, these results will be considered as base values to be 
compared with those obtained with wind penetration cases. This will help in assessment of 
wind energy effect on distribution networks. 

Table. 1. Power losses and voltage drop 

TL 
Power losses (W) Voltage drop (Volt) 

Pha  Php  Phc  Pha  Php  Phc  

TL A 65340 46660 120500 248.7 169.9 301.9 

TL B 0 2144 223.2 0 18.51 5.2 

TL C 0 146 146 0 3.621 3.621 

TL D 914 388 692.5 13.53 8.091 10.91 

TL E 40620 14657 83860 210.9 81.79 250.1 

TL G 0 0 255.7 0 0 5.398 

TL H 0 0 142.4 0 0 2.938 

TL I 6428 64.6 3802 24.84 3.007 17.25 

 

 

B. System Performance with WT 
 Doubly-fed induction generators (DFIGs) driven by wind turbines (WTs) are used to supply a 
distribution network and are connected at bus 650. The used DFIGs have 1.5 MW rating for 
each unit. A low level of wind penetration has to be simulated to compare the results with other 
researches and to evaluate the effect of high penetration of wind energy. For low wind 
penetration, a 31% level is considered.  

When there are no changes in wind speed, the system performance is affected only by the 
generator characteristics. The voltage level has been slightly decreased as shown in Fig. 6, 
which can be explained by the increase of transmission lines reactance due to voltage 
harmonics leading to an increase in voltage drop. The voltage profile is also affected by the 
fluctuations caused by the electronic converters used with the DFIGs. Unlike the base case, 
THD has non-zero value during steady state as shown in Fig. 7. The largest THD value is at the 
point of common coupling (PCC) and the values decrease at other busses fare from PCC as 
shown in Table. 2 except for bus 634 that operates at low voltage level. For system losses and 
voltage drop,  

Table. 3 shows an increase in system losses that reach 0.72% through TLI, and the voltage drop 
reaches 3.1% through TLG. The measured flicker has a short-term value  
Pst equals to 0.66, which is an acceptable value according IEC standard. 

 

 

 
Fig. 6. Voltage at bus 632 with 31% wind penetration 
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Fig. 7. THD at different busses with 31% wind penetration 

 
Table. 2. THD during steady state with 31% wind penetration 

bus 
THD% 

Pha  Php  Phc  

650 (PCC) 1.08 1.07 1.06 

632 0.51 0.42 0.46 

634 0.57 0.45 0.5 

646 0.51 0.42 0.46 

671 0.58 0.45 0.48 

684 0.58 0.45 0.5 

675 0.6 0.46 0.5 

 

Table. 3. Power losses and voltage drop with 31% wind penetration 

TL 
Power losses (W) Voltage drop (V) 

Pha  Php  Phc  Pha  Php  Phc  

TL A 65670 46820 121100 249.4 170.4 302.7 

TL B 0 2146 222.2 0 18.54 5.208 

TL C 0 145.7 145.7 0 3.626 3.626 

TL D 918.4 389.7 696.7 13.57 8.11 10.94 

TL E 40820 14726 84230 211.5 82.27 250.8 

TL G 0 0 255.2 0 0 5.566 

TL H 0 0 142.2 0 0 3.009 

TL I 6461 65.1 3826 24.92 3.084 17.32 

 

IV. EFFECT OF WIND ENERGY PENETRATION 

To evaluate the effect of high penetration of wind energy, the 71% level of penetration is 
introduced and then, a comparison between different levels of penetration and base case is also 
presented. This comparison provides an evaluation of the power quality, power losses and 
voltage regulation.  

The voltage profile at bus 632 for 71% level of wind penetration is shown in Fig. 8, where the 
voltage level is approximately equal to the value for 31% wind penetration with small 
difference. Unlike voltage response, the THD and voltage fluctuations increased, where the 
THD reached 1.45% at PCC as shown in Fig. 9. Regarding the nature of loads, which have 
constant-impedance type, the load power and current decrease with the decrease of voltage. 
This effect of load nature has to be considered because it may restrict the decrease in voltage 
level when it is a constant-impedance load. In this case the current will decrease as a result of 
voltage decrease and, hence, the voltage drop will be limited. 
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Fig. 8. Voltage at bus 632 with 71% wind penetration 

 
Fig. 9. THD at different busses with 71% wind penetration 

 

 
Fig. 10. Weighted voltage fluctuation at PCC with different wind penetrations 
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levels of wind penetration are introduced in Table. 4. The comparison includes THD, power 

losses, voltage drop and flicker emission. THD at PCC has the largest value, i.e., 1.45% for 

wind penetration of 71%, but it does not exceed the standard limit, i.e., 2.5%. Although the 

THD increases, power losses decreases due to the effect of the constant-impedance loads that 

reduces the current with the voltage decrease. This cases a contrary effect, where the increase 

of harmonics increases the losses, while the current reduction decreases them with higher 

effect as shown in Table. 4. 

 

Considering the short-term flicker Pst shown in Table. 4, it has the same value for 71% and 

31% wind penetrations, while the voltage fluctuations have higher value with 71% wind 

penetration as shown in Fig. 11. The weighted voltage fluctuations are measured using the 

flicker meter as shown in Fig. 10, where it is clear that the system has higher weighted voltage 
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fluctuations with 71% wind penetration compared to the case with 31% wind penetration. In 

addition, the fluctuations tend to be more symmetrical with 71% wind penetration, while they 

are likely to be positive for the 31% wind penetration. Thus, the overall the short-term flicker 

Pst has the same value for the two penetration levels. 

FFT is carried out at PCC for the base case, 31% wind penetration and 71% wind penetration. 

For the base case, the dominant harmonic order, as highlighted in Fig. 12, is the second order 

due to the unbalanced loads in the distribution system. Figs 12 and 13 show that the dominant 

harmonic order is the 47th for the 31% and 71% wind penetrations with a higher value in case 

of 71% wind penetration.  
 

Table. 4. Total losses, short-term flicker, THD and voltage drop with defferent wind penetration levels 

 
Percentage wind energy sharing  

15% 31%  40%  53%  71% 

Total losses (kW) 528.15  526.46  525.8  525.24  525.87 

Pst 0.7 0.66 0.68 0.8 0.66 

THD, PCC 0.99% 1.08% 1.36% 1.44% 1.45% 

VD%, TLG 3% 3% 5.4% 5.6% 5.4% 

 

 
 

 
Fig. 11. Instanteneous phase voltage at PCC with different wind penetrations 

 

 
Fig. 12. FFT of phase voltage at PCC without wind 
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Fig. 13. FFT of phase voltage at PCC with 31% wind penetration 

 

 
Fig. 14. . FFT of phase voltage at PCC with 71% wind penetration 

V. CONCLUSION 

This paper introduced an extensive study for the effect of high penetration levels of wind 

energy on the distribution networks regarding power quality and power losses. The results 

show that the power quality issues like harmonic and flicker are maintained within standard 

limits but the harmonic has been increased with increasing the wind penetration level. On the 

other hand, the short-term flicker, Pst, depends on the nature of the fluctuations rather than the 

level of penetration. The results show also that power losses are not affected only by the 

harmonic existence but also by the nature of loads. 
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SUMMARY 

 

From about fifteen years passed, a new term was proposed for the first time by Dielmann and 

Velden: "Virtual Power Plant (VPP)", and they asked about if the VPPs can contribute as a 

reliable and environmentally oriented energy supply, or not?, at this moment, they considered 

some problems that must be examined to insure the success of this idea; like: management of 

such a system (optimal utilization), adaptation of VPP with the network connected to 

(reliability), markets (retail and wholesale) … etc. If these problems are solved, then the VPP 

has a large opportunity to deliver an important contribution as an economic, reliable and non-

polluting energy supply system. The market is the dominant factor for the success of VPPs 

being. Before the age of distributed generation (DG), the energy delivery pricing model was 

the cost against service. The model states that consume (buy) energy then pay -buy and pay-. 

When the age of renewables raised up, the model of buy and pay is shifted away to a new 

market based pricing model: pay at first and then buy. Another conceptual model starts to 

appear including active demand side participation using the transactive energy concept. In 

this paper, a new combined model for market and electrical performance of VPPs is 

presented; the electro-economical model (EEM). The model will include the four basic 

components of any VPP: dispatchable power plants, flexible loads, storage units, and 

stochastic generating units. Two main targets for the proposed modeling: optimal operation 

of VPPs, and active network energy management of VPPs. The VPP can earn profit from the 

market and as a result, its objective reduces to maximizing its profit (ρ). Energy management 

in a VPP or active network management means the optimal operation of this VPP in order to 

manage energy flow. Optimal operation is based on a stochastic basis of energy sources and 

multi-market framework. 
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Distributed generation (DG), electro-economical model (EEM), energy delivery pricing model, 

energy management, market based pricing model, virtual power plant (VPP) 
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1. Introduction: 

 

Over several decades ago, electric power systems and energy sources have been developed for 

centralized generation with conventional transmission and distribution. In comparison with 

this centralized generation, when the age of renewable energy starts to born, with small 

generators in wind farms and individual wind turbines (WTs); and low amount of produced 

energy units from small photovoltaic (PV) power plants and distributed PV panels for 

different uses, and all of these distributed units with their controls are connected to centralized 

electric power systems, specially distribution systems [1]. Also, other types of small 

generations like reciprocating engines, micro turbines (MTs), combustion turbines, small 

steam turbines, and fuel cells (FCs) can be considered and used as DG. So, how can we are 

dealing with all of these types of DG? Different reasons lead to this wide spread usage of this 

term [2]. DG is used to provide some or all of consumers electricity needs.  There are many 

different potential applications for DG technologies: to reduce demand charges imposed by 

their electric utility, or use it to provide premium power or reduce environmental emissions.  

DG can also be used by electric utilities to enhance their distribution systems [3]. 

Smart grid is the use of a set of new technologies and features like computer software and 

hardware, information systems, novel intelligent programs, computational techniques, modern 

communication systems, sensors, and advanced control technologies in electric power systems 

and energy sources. It's clear that to construct, operate and develop smart grids, three sectors 

must ensure integration altogether: electricity industry, information systems and 

communications; with smart grid components like: DG, smart metering, automated grid 

management, and active network (demand) management [4]. 

The penetration of renewable energies, particularly large wind farms, is forcing development 

of transmission grid across the world in order to interconnect these variable and remote 

renewable energy sources in HV transmission systems. Power electronics solutions provide 

the necessary features to address these problems in the power grids of the future; their 

dynamic benefits provide the ancillary benefits to address robust grid code compliance [5]. 

Microgrid is a discrete energy power system consisting of distributed energy sources and 

dispersed loads. However, microgrids differ from conventional electrical grids by providing 

nearer vicinity between power generation and power use, resulting in efficiency increases and 

transmission reductions. Microgrids perform dynamic control over energy sources, enabling 

autonomous and automatic self-healing operations [6]. 

For more than a century, conventional interconnected power systems, depends on continuity 

of service provided through the large number of generating power plants connected to 

network and injecting all of its output to that network, while a huge number of demands 

connected to the same network and consume what they require irrespective the amount or 

time of service. Digital power networks, is a new energy-on-demand approach to power grids. 

This approach uses the demand-supply management model [7]. Simply, users issue a request 

for the amount of energy in demand at a certain time, and the service provider must confer the 

request and allocates energy to the selected users at this time. In this approach, the transmitted 

energy is delivered as detached quantities or energy packets. 

Active network management allows more DGs to be connected to distribution networks and 

operated effectively. The transformation of the distribution network from passive to active 

operation has already started with demonstrations. The individual active network management 

solutions are not coordinated with each other and their combined behavior becomes difficult 

to predict. A number of trails and demonstrations are being developed but so far there is no 

generally agreed approach to system-wide active network management [8]. 

The expression "The Internet of Thinking (IoT)" is describing a reality where robotics, 

artificial intelligence (AI) and connected devices. All IoT technologies can take decisions and 

actions happen on the connected devices themselves, without the need to revert to an external 
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actor to take action based on the collected information. In a very fast motion, the expression 

"The Internet of Thinking (IoT)" is directed to the expression "The Internet of Things (IoT)". 

The Internet of Things (IoT) is the network of physical devices, vehicles, home appliances, 

and other items embedded with electronics, software, sensors, actuators, and connectivity 

which enable these things to connect and exchange data, creating opportunities for more direct 

integration of the physical world into computer-based systems, resulting in efficiency 

improvements, economic benefits, and reduced human exertions [9]. 

Before three decades ago, the power or energy delivery pricing model was the cost against 

service. The model states that consume (buy) energy then pay -buy and pay-. When the age of 

renewables raised up, DG followed by smart grids then microgrids, and now the approach of 

digital power networks, the model of buy and pay is shifted away to a new market based 

pricing model: pay and buy. With smart grids, microgrids and digital power networks 

technologies, another model start to appear including active demand side participation: the 

transactive energy concept [10]. 

Transactive techniques developed for bulk power system operation in wholesale markets and 

can be extended to retail markets. From these techniques: congestion management, 

transmission/distribution capacity auction … etc. The extension of transactive techniques to 

retail markets and distribution systems, provides not only new mechanisms for active 

participation of demand-side resources (and microgrids) in economic transactions, but also 

provides solutions for emerging bulk power operational problems in the face of the 

proliferation of variable generation resources. Increased use of variable generation induces the 

need for higher levels of services, such as regulation, and new products such as ramping/load 

following to address the variability of renewable resources. VPPs can close the gap between 

retail and wholesale market [11]. 

 

2. Virtual Power Plants (VPPs): 

 

VPP is a representation of a portfolio of DGs that can take part in power system operation. 

VPP not only aggregates the capacity of many diverse DGs, it also creates a single operating 

profile from a composite of the parameters characterizing each small generator. VPP is a 

cluster of DERs which is collectively operated by a central control entity. VPP can replace a 

conventional power plant, while providing higher efficiency and more resiliencies [12]. 

VPP can be considered as a concept that aggregate DERs together, aims to overcome the 

capacity limits of single DER and the intermitted natural characteristics of renewable energy 

sources like wind and solar. The whole system can be viewed as a single large-capacity power 

plant from the system's point of view, energy market players have come to accept the VPP as 

a commercially viable alternative to adding new capacity, as well as a way to handle the 

variability of renewables, the concept of VPP is developed for two prime reasons, first, to 

diversify the risk of not meeting the long-term electricity delivery contracts, and secondly to 

achieve better results on the electricity market. 

On the outskirts of the end of the past two decades, VPPs are still in hypothesis stage and 

there is not a unique definition for the framework of VPPs in the literature. Researchers 

exerted great efforts to stand with VPPs to be a reliable future power system. Essentially, they 

reached to conceptual definition of VPPs: VPPs can be considered as an aggregation of DERs. 

Also, VPPs can be considered and characterized as an autonomous microgrid. 

DERs include: all renewable energy systems, intermittent renewables, PV systems, wind 

systems, power small and micro-units, hydro and small hydro power plants, some of thermal 

systems, and CHP plants. Also, energy storage systems and special loads can be integrated 

with DERs to form VPPs. Energy storage systems include: embedded energy storage, pumped 

storage power plant, and battery switch stations. The special loads like: electric vehicles, 

aggregated thermostatically controlled loads … etc. 



 

 

Cigre Egypt 2019 

 
 

 

 
 

237

VPPs comprise four basic components: generation technology (dispatchable power plants, and 

stochastic generating units), energy storage technologies, dispatchable and flexible loads, and 

information communication technology. Modeling of VPPs and its components take different 

approaches and scenarios. The construction models of VPPs are different; of which: agent 

based simulation model, data-driven model, demand response model, five layer model, and 

center of mass load model. 

Most of the researches intended with VPPs, focused on the study of VPPs from economic 

point of view: auctions, bidding, trading, markets, pricing, cost, profit, benefits, risk, investors 

… etc. Merely conjecture, all the models presented are financial and economical models, with 

no one detailed prescribed electric model. In this paper, a generic VPP will be proposed and 

considered for the study. A new model for the generic VPP will be proposed. The proposed 

model is an Electro-Economical Model (EEM) of the VPP. The work will include introducing 

of VPP EEM, modeling steps, required simulations, and results' discussions. 

 

3. Generic VPP: 

 

In the literature, instead of proposing a specific framework of a VPP composed of specific 

DER technologies, the generic VPP has its unique but generic characteristic: trading in the 

electricity market, through a function-based design on the basis of a generic architecture 

which welcomes all DER technologies; i.e., from pure market trading (economical) point of 

view [13, 14]. Starting from the definition of the VPP as an autonomous micro-grid, the 

proposed generic VPP model will has two main types: grid connected VPP, and isolated 

(islanded) VPP. VPP representation in the islanded operation mode can be configured with 

different configurations according to the DG components exist in the VPP. 

The model of the proposed generic VPP, is an isolated AC VPP including: diesel engine 

generator (DEG), micro turbine (MT), fuel cell (FC), AC load, PV array, battery energy 

storage (BES) system, flywheel energy storage (FES) system, and wind turbine generator 

(WTG). The single line diagram of the proposed generic VPP is shown in figure (1). 

The distributed resources are connected to the AC bus by power electronic devices used for 

synchronization of the AC sources such as DEG and WTG, and they are used to invert DC 

voltages into AC in sources such as PV arrays and FCs. A converter is also considered for the 

BES to convert AC into DC in charging mode and DC into AC in discharging mode. 

 

4. Electrical Model of Generic VPP: 

  

To precisely simulate the dynamic behaviors of practical DGs and other VPPs' components, 

one should use high-order mathematical models with nonlinearities and physical constraints. 

For many studies such as steady-state analysis and microgrid power-frequency control 

synthesis issues, however, simplified models or transfer functions are generally employed. 

Moreover, the transfer functions of VPPs components such as DGs and energy storage 

systems (ESSs) can be represented by a low-order system and even a first-order lag as: 

i

i
i

TS

K
SG

⋅+
=

1
)(  (1) 

where iK  is the gain, and iT  is the time constant of the VPP (DG or EES) component. 

Similar to conventional power grids, the relationship between load generation deviation power 

and system frequency in a VPP can be represented by a first-order transfer function. To 

maintain a stable operation of a VPP, the total power generation must be effectively 

controlled to meet the total power demand by minimizing the amount of power imbalance 

( eP∆ ) as follows: 

GLe PPP ∆−∆=∆  (2) 
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Where LP∆  and GP∆  are the deviations of total power demand and power generation, 

respectively. Since system frequency is changed with net power variation, the system 

frequency variation f∆  can be calculated by: 

VPP

e

K

P
f

∆
=∆  (3) 

where VPPK  is the VPP frequency characteristic constant. As an inherent time delay exists 

between the VPP power and frequency deviations, the transfer function for the VPP frequency 

variation per unit power deviation can be expressed as follows: 

MSDTSKK

f
SG

VPPVPPVPP
VPP ⋅+

=
⋅+

=
∆

=
1

)1(

1
)(  (4) 

where M  and D  are the equivalent inertia constant and damping constant of the VPP, 

respectively. The electric dynamic frequency response model of the proposed generic VPP is 

shown in figure (2). 

 

  
Figure (1): The single line diagram of the 

proposed generic VPP 
Figure (2): The dynamic frequency response 

model of the proposed generic VPP 

 

The total power generation of distributed resources for supplying demand side comprises the 

output power of DEG, MT, WTG, PV, FC, and exchange power of flywheel energy storage 

(FES) and battery energy storage (BES). 

FESBESFCPVWTGMTDEGLoad PPPPPPPP ±±++++=  (5) 

Since the produced power by the RESs such as PVs and WTGs depends on the environmental 

condition, they are not commonly used for the regulation issues; so for control purposes, MT, 

DEG, and FC can be considered. An expression for changes in the VPP power resources can 

be presented as follows: 
0=∆+∆+∆+∆+∆+∆+∆+∆ FESBESFCPVWTGMTDEGLoad PPPPPPPP  (6) 

Using the simplified dynamical model representation for DGs/storage units as in equation (1) 

and VPPs' load-inertia system as in equation (4), a dynamic frequency response model can be 

obtained as shown in figure (2). The linearized state-space model is the most useful 

representation for the application of linear, modern, and robust control theorems. Using 

appropriate definitions and state variables, the linearized state-space realization of the VPP 

system (figure (2)) can be easily obtained in the form of equation (7): 

)()(

)()()(
)(

21

txCty

tuBtwBtxA
dt

tdx

⋅=

⋅+⋅+⋅=
 (7) 

Where: state vector ][ fPPPPPPPx FESBESMTFCDEGPVWTG
T ∆∆∆∆∆∆∆∆= , 

input disturbance vector ][ LoadWind
T PPPw ∆∆∆= ϕ , output fy ∆= , 
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Where u  … is the input control signal. Also, in the mentioned this VPP case study, WindP∆ , 

ϕP∆ , and LoadP∆  are considered as VPP disturbance signals. From equations (5) and (6), and 

simply, power can be converted into energy (energy = power . time). 

 

5. Economical Model of Generic VPP: 

 

An ideal VPP consists of three main parts: generation technologies, energy storage 

technologies, and information communication technologies. VPP three main parts can be 

divided into main four components [15]: dispatchable power plants, flexible loads, storage 

units, and stochastic generating units. 

The dispatchable power plants in VPP are typically small power stations (gas turbines and 

diesel generators) that burn fossil fuels such as natural gas or oil to produce electricity. 

Dispatchable power plants based on the composition of biomass sources are also becoming 

relevant in the generation mix beside cogeneration. The use of a power station to produce both 

electricity and heat is gaining momentum as an efficacious practice to maximize performance 

of the thermal units in VPP, thus making more attractive the exploitation of CHP plants. 

Any dispatchable unit (i) in the VPP is characterized by a cost function Ci(EGi), which 

provides the cost Ci (e.g., in Egyptian pounds -L.E.-) to generate a certain amount of electrical 

energy EGi (e.g., in Mega Watt hours -MWhrs-). This function is obtained by multiplying the 

heat rate curve, which gives the amount of fuel needed to produce EGi, by the cost of the 

consumed fuel. The cost Ci is typically modeled as a convex quadratic or piecewise linear 

function of the energy output EGi. 

Parameters EGi
min  and EGi

max  represent the minimum and maximum amounts of electricity 

generated by the dispatchable power plant respectively. EGi
min  and EGi

max  are dependent on the 

length of the considered time period. For a time interval (τ), the minimum power output of 

unit (i) is τ⋅=PEGi Gi
min min

, and the maximum power output of unit (i) will be τ⋅=PEGi Gi
max max

. If 

)(tPGi  is the generated power output of dispatchable unit (i) at a certain time instant (t), 
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)(tPGi must be either zero when the power unit is idle, or take on a value within the closed 

interval [ PGi
min , PGi

max ] when the power unit is actually generating electricity. The range of 

power values in [0, PGi
min ] is, therefore, technically infeasible. Also, the functional state of a 

generating unit can be easily modeled using a binary variable )(tiν  that is equal to 0 or 1 

depending on whether the unit is off or on, respectively. Then, the operating region of any 

dispatchable unit can be expressed as: 

PPP GiiGiGii t maxmin )( ⋅≤≤⋅ νν  (8) 

Really, transition from 0 to 1 or from 1 to 0 is not sharp or it's impossible to occur in zero 

time, but it involves the start-up time or the shutdown time of the unit or plant. It means extra 

cost added to the cost function Ci(EGi). If the VPP operation time period [0, τ] is discretized 

into (τ +1) samples such that {0, 1, 2, … , t-1, t, t+1, … , τ -1, τ }, the start-up (SU) and 

shutdown (SD) costs incurred by the dispatchable plant (i) at time instant (t) is denoted by 

)(tC
SU
i  and )(tC

SD
i , respectively, can be modeled as: 

))1()(()( −−⋅≥ ttt ii
U
i

SU
i SC νν , 0)( ≥tC

SU
i , ))()1(()( ttt ii

D
i

SD
i SC νν −−⋅≥ , and 

0)( ≥tC
SD
i . 

(9) 

Where S
U
i  and S

D
i  are, in that order, the costs derived from the start-up and shutdown 

processes of the unit. Variables )(tC
SU
i  and )(tC

SD
i , will not have exact values, so, it must be 

optimized (minimized). Also, the no-load cost is to be considered and can be expressed as: 

)()0()( tt ii
NL
i CC ν⋅=  (10) 

To limit how much the power output of a generating unit may be increased or decreased 

between two consecutive time samples (t – 1) and (t), if constant ∆Gi represents the maximum 

ramp-up or -down rate of the unit (e.g., in MW per hr) and τ the time elapsed between (t − 1) 

and (t) (e.g., in hrs), another restriction must be added to the model: 

τ⋅≤−− ∆GiGiGi
tt PP ))1()(( , and τ⋅≤−− ∆GiGiGi

tt PP ))()1(( . (11) 

If a thermal production unit (coal-fired or gas-fired) is started up, for a number of technical 

reasons related to the functioning of its thermal system, it should be on for a minimum 

number of hours, known as minimum up-time. Similarly, if such unit is shutdown, it should 

remain down for a minimum number of hours, known as minimum down-time. 

The constants needed to define the minimum up-time and down-time of production unit (i) are 

described as: T
U
i  is the minimum number of hours that unit (i) needs to be up if started up, 

T
D
i  is the minimum number of hours that unit (i) needs to be down if shut down, T

U
i

0  is the 

number of hours that unit (i) needs to be up from the beginning of the study horizon if it is up 

at its beginning (to comply with the minimum up-time condition), T
D
i

0  is the number of 

hours that unit (i) needs to be down from the beginning of the study horizon if it is down at its 

beginning (to comply with the minimum down-time condition), and (T) is the number of 

hours of the study horizon. Also, the auxiliary constants below are needed to define minimum 

up-time and down-time constraints [12, 16]: 

},min{ 0
TTT

U
i

Ue
i = , and },min{ 0

TTT
D
i

De
i =  (12) 

Other restrictions have to do with the time during which a unit must remain on (off) after 

being started up (shutdown), i.e., the so-called minimum up-time and down-time constraints. 

These constitute an important source of inflexibility when it comes to operating a power 
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system with a high penetration of stochastic energy sources. These restrictions can be 

simplified as: 

iTt
TUe

i

t
i

Ue

i

∀=∑
=

,
1

)(ν  

}1,1{,,)(
1
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and i
T De

i
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(14) 

To finalize the model, it should be noticed that Eq. (8) and Eq. (11) are imposed on the power 

output )(tPGi  while the production cost Ci is a function of the amount of energy that is 

actually produced, EGi. Therefore, an additional equation that converts power into energy is 

required. This conversion depends on the time trajectory followed by the power output )(tPGi  

in between time samples. Either if the trajectory is linear or nonlinear, energy generated by 

the dispatchable plant can be computed between any two time instants using area under this 

trajectory. The flexible loads may fundamentally comprise both residential and industrial 

electricity consumers that are equipped with the communication and control infrastructure 

needed to adjust their consumption patterns at the command of the VPP. 

A flexible load is defined as the demand that has the ability to decrease or increase or defer its 

electricity consumption in response to high market prices or market incentives. In its simplest 

and most stylized form, the mathematical modeling of a flexible consumer resembles that of a 

dispatchable power unit. Each flexible load (j) in the VPP is characterized by a utility function 

Uj(ELj), which provides the benefit (e.g., in L.E.) that the consumer obtains out of the amount 

of electricity, ELj, it consumes. A utility function describing the benefit obtained by a flexible 

load from the electricity consumption, is bounded from above and below by ELj
max  and ELj

min . 

Parameters ELj
max  and ELj

min , represent, respectively, the maximum and minimum amounts of 

electricity that can be consumed by the flexible load. For a given time interval τ, one can write 

τ⋅= PE LjLj
maxmax  and τ⋅= PE LjLj

minmin , where PLj
max

 represents the maximum power that can be 

demanded by the flexible load while PLj
min refers to the minimum power that can be 

demanded by the flexible load. Therefore, if the power demanded by the flexible load (j) at a 

given time point (t) by )(tPLj , then: 

PPP LjLjLj t maxmin )( ≤≤  (15) 

By a similar way, the speed at which a flexible load can change is limited by pickup/drop rate 

∆Lj (e.g., in MW per hr). So: 
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τ⋅≤−− ∆LjLjLj
tt PP ))1()(( , and τ⋅≤−− ∆LiLjLj

tt PP ))()1((  (16) 

Another constraint is to be added to control the load consumed energy using the term floor 

amount of energy consumed by a load E
f
Lj  during (T) time periods. It is given as: 

EE
f
Lj

T

t
Lj t ≥∑

=1

)(  (17) 

Also, from the time trajectory of the power consumed )(tPLj , energy consumed by the load 

can be computed between any two time instants using area under this trajectory. 

The storage equipment is comprised of devices or physical media that store energy at a given 

point in time to make “better use” of it at a later time. Therefore storage units allow 

transferring electricity from one time period to another with the ultimate aim of getting a 

benefit out of this operation. The modeling of a storage unit (k) is essentially based on a state-

transition equation that defines its energy content at every time sample (t) as a function of the 

amount of power charged into or drawn from the unit. If ESk(t) is the energy level in the 

storage device (k) at time (t) (e.g., in MWhr), the state-transition equation can be stated as: 

ττ
η

η ⋅⋅−⋅⋅+−= )(
1

)()1()( tttt PPEE
d
Skd

k

c
Sk

c

kSkSk  (18) 

Where P
c
Sk  and P

d
Sk  are the charging and discharging powers (e.g., in MW) which also 

limited by upper values P
c
Sk

max,  and P
d
Sk

max, , while ηc

k
 and η d

k
 are the charging and 

discharging efficiencies. Then: 

PP
c
Sk

c
Sk t max,)(0 ≤≤ , and PP

d
Sk

d
Sk t max,)(0 ≤≤  (19) 

Also, any storage unit is characterized by a finite capacity ESk
max  and energy level must be 

kept above a certain level ESk
min , so: 

EEE SkSkSk t maxmin )( ≤≤  (20) 

The stochastic generating units are facilities that produce electricity out of weather driven 

energy sources. For example wind turbines and photovoltaic cells, which obtain electricity 

from the energy contained in the wind and the sun light, respectively. Therefore, the power 

output of these facilities is inherently uncertain, as are the weather phenomena that determine 

the availability of the exploited energy sources, furthermore, these generating units are non 

dispatchable, which implies that any energy deviation from a preestablished production plan 

must be covered by buck up units. The term “stochastic generating units” refers to all those 

means to produce electricity from renewable energy sources that are dependent on short-term 

weather conditions, like sunlight, wind, and waves, and as a consequence, are 

nondispatchable. 

Consequently, the forward estimate of the amount of energy that can be extracted from these 

sources is inherently uncertain in time and quantity, and any forward dispatch of stochastic 

generating units proves to be improper in the end. In view of this situation, to model the 

operation of a stochastic generating unit within a VPP, forecasts of its power output must be 

resorted. There are different types of forecasts most commonly used when dealing with 

renewable energy sources. The most important forecasts are [17, 18]: point forecast, interval 

forecast, and scenario forecast. It is important to mention that point forecasts, intervals, and 

scenarios are conditional on the past power outputs of stochastic generating unit that are 

available at the beginning of the time horizon, and more generally, on all the information 

available at the time for any other explanatory variable used to issue such forecasts. 
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6. Electro-Economical Model (EEM) of Generic VPP: 

 

Figure (3) shows the concept in principle for the simulation of electro-economical model 

(EEM) of generic VPP is displayed. This structure is valid for all individual consumer sub-

networks as well as for the whole consumer net (whole supply area). This structure is the 

basis for the information flow and technical processes of the system. Mathematically, 

combining equation (5) to (7) for the electric model to equations from (8) to (23) for the 

economic model, a complete electro-economical model (EEM) of generic VPP will be 

developed. This model will be ready for simulations. 

 

 
Figure (3): Structure of the simulation model 

 

The concept of VPP is developed for different reasons. Mainly, to diversify the risk of not 

meeting the long-term electricity delivery contracts. Another reason is to achieve better results 

on the electricity market [19]. If for example, a wind power plant and a solar power plant are 

connected together with a conventional gas power plant to act as a VPP on the electricity 

market as a single agent, the VPP operation problem is like how to manage these three plants 

all together, to satisfy the concepts of VPPS that's developed for. 

To perform a satisfactory operation, the problem raised here, is how to formulate the models 

of different plant types (and as explained in previous section) and how to incorporate these 

models for long-term bilateral contracts with scheduled forecasted market prices. Also, 

operating optimally the VPP translates into satisfying the flexible loads (maximizing their 

utilities) at the minimum cost. For this purpose, the VPP not only counts on its own energy 

sources, but also on the electricity market. Really, from the point of view of the VPP, the 

electricity market can be regarded as an infinite power supplier or consumer that is willing to 

sell or purchase any amount of energy in time period (t) at a cost λD(t), i.e., the electricity 

market price. 

Therefore, the VPP can also earn profit from the market and as a result, its objective reduces 

to maximizing its profit (ρ). The aim of the optimization is to maximize the profit of the VPP. 

Consider a VPP that consists of a set (I) of dispatchable power units, a set (J) of flexible loads, 

a set (K) of storage devices, and a set (Q) of stochastic generators. The VPP seeks to 

optimally operate these energy resources over a time horizon {1, . . . , t , . . . , T } of T periods 

of length τ each. The profit function can be expressed as: 

[ ]∑ ∑∑
= ∈∈ 











++−=

T

t Jj
Ljj

Ii

SU
iGii

DD tEUtCtECtPt
1

))(()())(()()( τλρ  (21) 

Where: )(tPD
 … is the amount of power exchanged with the electricity market in time 

period t and λD(t) × PD(t) × τ is the associated revenue. Variable PD(t) is 

positive if the power is sold in the market or negative if bought from it. 



 

 

Cigre Egypt 2019 

 
 

 

 
 

244

∑
∈Ii

Gii tEC ))((  … is the total production cost of the dispatchable power plants in the VPP in 

time period t. 

∑
∈Ii

SU
i tC )(  … is the total cost due to startups in the same period. 

∑
∈Jj

Ljj tEU ))((  … is the total utility derived from the energy consumed by the flexible loads 

in the VPP in time period t. 

The energy balance equation can be written as: 

ττ ⋅

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 (22) 

So, the initial profit-maximization optimization problem can be defined as: 

Objective function: 
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(23) 

Also, different constraints can be conditioned according to VPP nature. For example, in case 

of dispatchable power plants, equations (8) to (14), can describe more constraints to the 

model. Also, in case of flexible loads, equations (15) to (17), can describe more constraints to 

the model, and so on. Energy management in a VPP or active network management means the 

optimal operation of this VPP in order to manage energy flow. Optimal operation is based on 

a stochastic basis of energy sources and multi-market framework [20, 21]. The energy 

management module contains a set of applications which supervise and performs direct 

control or indirect control over the VPP assets from planning stage to real time operation. But 

in general, this module has to include at least three sub-functions [14]: Grid Interface 

Management, Performance Monitoring, and Control and Dispatch. 

 

7. Conclusions: 

 

In the present paper, the term "Virtual Power Plant (VPP)" is introduced. The introduction 

includes the rising steps of VPP term. Starting from distributed generation, passing through: 

smart grids, super grids, microgrids, digital power networks, active network management, 

internet of things -thinking-, transactive energy techniques; and reaching to VPPs. A generic 

VPP was proposed and considered for the study. A novel model of VPPs was developed. The 

proposed model which is an Electro-Economical Model (EEM) of the proposed generic VPP 

was constructed on three steps: construction of electric model of generic VPP, construction of 

economic model of generic VPP, and combining both electric and economic models to form 

Electro-Economical Model (EEM) of the proposed generic VPP. Two main targets for the 

proposed modeling: optimal operation of VPPs, and active network energy management of 

VPPs. The VPP can earn profit from the market and as a result, its objective reduces to 

maximizing its profit (ρ). Energy management in a VPP or active network management means 

the optimal operation of this VPP in order to manage energy flow. Optimal operation is based 

on a stochastic basis of energy sources and multi-market framework. 
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SUMMARY 

 
Thin Film PV modules have developed to a point where they have high module efficiency as same as 
crystalline silicon modules. Due to their low price and high performance parameters they may become 
competent with crystalline silicon modules. In Egypt there are high irradiation levels but also hotter 
weather, which affect greatly the efficiency of PV power plants. In this research the performance of 
three PV technologies will be compared. Mono-crystalline, Poly-crystalline and Thin Film PV 
technologies will be used in the design of three PV power plants in three different cities in Egypt. 
Then they will be compared according to their efficiency degradation, temperature coefficients and 
shading response. Then the best suitable type for Implementation in Egypt will be recommended. 
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INTRODUCTION 
 

In the last decade, the Ministry of Electricity & Renewable Energy in Egypt has encouraged 
installing grid-tied PV power plants on every scale. Both public & private sector started to install 
PV power plants and sell the produced electricity to the utility through net metering system. 
Almost every installed PV power plant during the last 4 years was powered by crystalline silicon 
PV cells. Mono-crystalline & Poly-crystalline have high module efficiencies 15-20% which is 
the reason why they were heavily used in the installations of almost every PV power plant in 
Egypt. Although in [1] it was suggested to use thin film system because it has the highest energy 
yield and it is more economic in Malaysia. In [2] it was also suggested to use thin film systems 
in India. The parameters used in those studies are mainly based on the total energy yield and 
specific energy yield. Thin film PV cells have less module efficiencies but under certain 
operating conditions they may have more energy yield. Mainly these conditions are ambient 
temperature and relative humidity [3]. These conditions change from country to another as they 
change geographically. Therefore, certain technology is fit for specific region but not for 
everywhere. Crystalline silicon modules are tested under Standard Test Conditions STC which 
are: 

1. Solar irradiance 1000W/m2 
2. Cell temperature 25°C 
3. Air mass 1.5 

The Cell temperature is different from the ambient temperature because it is the temperature of 
the cell itself. The efficiency of crystalline silicon cells depends on this temperature therefore if 
they will be operated in different atmospheric conditions, new efficiency should be calculated. 
According to the temperature coefficient of power of PV modules, the maximum power of the 
module will decrease with the increase of temperature. This will lead to less energy yield in 
more hot regions. The temperature coefficients of power for the different PV technologies are 
different. The temperature coefficient of mono-crystalline is less than poly-crystalline and the 
coefficient of thin film is least. 
Therefore in this research the performance of each technology will be studied and compared 
based on the total energy yield and specific energy yield in three different cities Alexandria, 
Cairo and Aswan. Since Alexandria is in the north, Aswan is in the south and Cairo in between; 
the three cities are subjected to different atmospheric conditions. In section II the technical data 
for the PV modules under study is given and the degradation in their efficiencies over their 
lifetime will be compared in section III. The effect of ambient temperature on the energy yield of 
the PV modules is studied in section IV. The effect of shading on the performance of the three 
technologies is compared in section V. Finally, the conclusion will be presented in section VI. 
 

PV TECHNOLOGIES UNDER STUDY 
 
Three PV modules are used in this research. They were chosen randomly from the top PV sellers 
in the world.  

1. From company (1) the mono-crystalline technology is used in the study [4]. 
2. From company (2) the poly-crystalline technology is used in the study [5]. 
3. From company (3) the thin film technology is used in the study [6]. 

The technical specifications of these modules are shown in Table (1). They are available in the 
datasheets of each module in [4], [5], and [6] 
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Table 1: Technical specifications of PV modules under study [4 - 6] 

Parameter Unit Mono-

crystalline 

Poly-

crystalline 

Thin 

Film 

Peak Power (Pmpp) W 315 285 445 

Nominal Voltage (Vmpp) V 33.2 31.6 185.7 
Nominal Current (Impp) A 9.49 9.02 2.4 
Open Circuit Voltage 

(Voc) 
V 40.7 38.3 220.4 

Short Circuit Current 

(Isc) 
A 10.04 9.49 2.56 

Efficiency (η) % 19.24% 17.40% 18.00% 
Temperature Coefficient 

of (Pmpp) 
%/°C -0.39% -0.41% -0.32% 

Temperature Coefficient 

of (Voc) 
%/°C -0.29% -0.32% -0.28% 

Temperature Coefficient 

of (Isc) 
%/°C 0.05% 0.05% 0.04% 

Dimensions (length x 

Width x Thickness) mm 
1650 × 

992 × 35 
1650 × 

992 × 35 

2009 × 
1232 × 

48.5 
Weight kg 19 18.6 35 

 
It is noticed that the efficiency of the thin film module is as high as crystalline silicon modules 
and its temperature coefficient of power is lower than them. 
 

ANNUAL EFFICIENCY DEGRADATION 
 
Each PV modules manufacturer guarantees the power of their modules with a 25 years linear 
performance warranty. It shows the amount of degradation in power over the 25 years lifetime. 
The linear performance warranty of the three PV modules understudy are shown in Figures 1, 2 
and 3 respectively. 

 
Figure (1): linear performance warranty of the mono-crystalline module [4]. 
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Figure (2): linear performance warranty of the poly-crystalline module [5]. 

 

 
 

Figure (3): linear performance warranty of the thin film module [6]. 

As shown in the previous figures the annual degradation rate of power is different for each PV 
module. It will affect directly the total energy yield of the PV system. In order to compare 
between the three degradation rates the PV system power should be fixed and it is chosen to be 1 
kW in order to make the results easy to comprehend. These calculations were done using 
photovoltaic systems simulator (PVsyst version 6.78). According to the results if a one kW PV 
system was to be installed in the city of Aswan it would have a total energy yield as shown in 
table (2). 

Table (2): Total energy yield and average annual yield for the three PV technologies. 

 unit Mono-

crystalline 

Poly-

crystalline 

Thin Film 

Peak Annual Yield kWh/a 1971 1970 1973 

Average Annual 

Yield 

kWh/a 1755 1753 1816 

Lifetime Energy 

Yield 

kWh 43876 43829 45390 

Lifetime Energy 

Loss due to power 

degradation 

kWh 5392 5417 3947 

Loss percentage % 12.3 12.4 8.7 

 
Table (2) shows the total energy yield for the 1 kWh PV system where the different technologies 
are implemented. The average annual yield is the total energy yield divided by the 25 years, 
when the peak annual energy yield is the yield during the first year. The energy loss due to 
power degradation shows that thin film has the lowest losses and the poly-crystalline has the 
highest losses. The loss percentage can be used to quickly compare between the three 
technologies. It shows that thin film modules are 3.6 % more efficient than crystalline silicon 
modules considering the power degradation rate of the three technologies. 
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TEMPERATURE IMPACT 
 
As noticed before from Table (1) the temperature coefficients of power, voltage and current are 
different for the three technologies. Therefore it will be considered in this section and its impact 
on energy yield will be studied by studying the implementation of the three technologies in three 
different cities. The temperatures at those locations were obtained from [7]. The degree days 
output is an average of the 24 hours temperatures above a baseline temperature. The results can 
be obtained for the last 365 days. It collects the data from weather underground [8]. It is also 
allowed to choose from a several weather stations when calculating the data for certain locations 
with a very low estimation percentage. The data were then used in the calculation of the new 
degraded power based on the temperature coefficient of power for the three locations and the 
three technologies. The results are shown in Table (3), it is obvious how much the ambient 
temperature can affect the energy yield of a PV system. 
 

Table (3): Total energy yield and average annual yield for the three PV technologies in three 
different cities. 

Location Parameter Mono-

crystalline 

Poly-

crystalline 

Thin 

Film 

Alexandria 

Total Energy Yield 
(kWh) 

39248 39206 40603 

Energy Loss due to 
Temperature 
(kWh) 

3394 3477 2881 

Loss Percentage 
(%) 

8.65 8.87 7.09 

Cairo 

Total Energy Yield 
(kWh) 

40448 40405 41844 

Energy Loss due to 
Temperature 
(kWh) 

3832 3925 3253 

Loss Percentage 
(%) 

9.47 9.71 7.77 

Aswan 

Total Energy Yield 
(kWh) 

43876 43829 45390 

Energy Loss due to 
Temperature 
(kWh) 

4867 4986 4132 

Loss Percentage 
(%) 

11.09 11.38 9.10 

 
The reason that the loss percentage is different for the same technology in different locations is 
because the ambient temperatures in the three locations are different. The losses in Aswan are 
the highest because it has the hotter weather than the other two cities. The major observation 
here is that thin film technology is the least affected by hot weather. The difference between the 
thin film losses and the crystalline silicon losses is 1.5 – 2.25 % which means that thin film 
modules are more efficient than crystalline silicon modules in hot weather. If the temperature 
loss difference was added to the difference in the last section considering the power degradation 
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rate of the three technologies, thin film modules can be 5.1 – 5.95 % more efficient than 
crystalline silicon modules in Egypt. 
 

SHADING IMPACT 
 
In this section, the influence of shading on the energy yield of various PV technologies is 
studied. In [9], the shading influence on energy yield of a mono-crystalline PV module was 
studied. The results show that the location of the shade on the module determines the value of 
power reduction. If a shade occurs on all six columns of PV cells, power will decrease by 
approximately 90%. If a shade occurs across 6 cells in one column, power will decrease by 
approximately 30%; and the number of shaded cells in one column does not affect this 
percentage. In [10], the authors studied the effect of shading by studying three steps of the 
shaded area. 25%, 50% and 75% of the module area was shaded then the output power was 
measured. In case of a 25% shaded area the output power was reduced by 75%. In the cases of 
50% and 75% the output power was reduced by 90%. 
In [11], the authors studied experimentally the effect of shading on thin film PV modules. They 
created 11 steps of partial shading on the module and measured the output power. Each 
successive step is 10 cm more shaded than the previous step. The results showed that there is 
linear relation between the percentage of shaded area and the output power of the module. Figure 
(4) shows Output power and output power losses of thin film module in relation with shaded 
area. 

 
Figure (4): Output power and output power losses of thin film module in relation with shaded 

area [11]. 
This means that if a 10 % shaded area occurred horizontally on PV modules it will decrease 
power for the crystalline silicon technology by 90% while for thin film technology the power 
will decrease by only 10 %. And if the shading was to occur vertically it will decrease the power 
for crystalline silicon by 30% while it is the same for thin film technology. The following table 
(4) shows the effect of shaded area on the various PV technologies. The results in table (4) 
shows that thin film technology is better than crystalline silicon technology in shading mitigation 
from 10% partial shading to 50% in all types of orientation.  
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Table (4): shading effect on various PV technologies 

Shaded 

Area 

Percentage 

Orientation 
Mono-

crystalline 

Poly-

crystalline 
Thin Film 

10%10%10%10%    
H 0.90 0.90 0.10 
V 0.30 0.30 0.10 

25%25%25%25%    
H 0.90 0.90 0.26 
V 0.75 0.75 0.26 

50%50%50%50%    
H 0.90 0.90 0.52 
V 0.90 0.90 0.52 

 

CONCLUSION 
 
This paper compared the performance of three PV technologies in three different cities in Egypt. 
The mono-crystalline, poly-crystalline, and thin film PV technologies were studied according to 
the following criteria: 

1. Linear power degradation rate 
2. Temperature coefficient of power 
3. Shading effect  

The results show that thin film modules are 3.6 % more efficient than crystalline silicon modules 
considering the power degradation rate of the three technologies. Also thin film modules are 
more efficient than crystalline silicon modules in hot weather. Generally, thin film modules can 
be 5.1 – 5.95 % more efficient than crystalline silicon modules in Egypt. If shading was to occur 
on the PV panels, thin film technology also showed better behavior than crystalline silicon 
technologies. Thin film modules might be more efficient than crystalline silicon modules in 
certain locations and under certain atmospheric conditions such as the weather in Egypt. 
 

BIBLIOGRAPHY 

 
 
[1] C. K. Gan, P. H. Tan and S. Khalid, "System performance comparison between crystalline and 

thin-film technologies under different installation conditions," 2013 IEEE Conference on Clean 

Energy and Technology (CEAT), Lankgkawi, 2013, pp. 362-367. 
[2] S. Singh, R. Kumar and V. Vijay, "Performance monitoring of 43 kW thin-film grid-connected 

roof-top solar PV system," 2014 IEEE 6th India International Conference on Power Electronics 

(IICPE), Kurukshetra, 2014, pp. 1-5. 
[3] T. Özden, R. Turan and B. G. Akmoğlu, "Seasonal Variation of the Monthly Efficiencies of 

Thin Film PV Modules," 2017 International Renewable and Sustainable Energy Conference 

(IRSEC), Tangier, 2017, pp. 1-3. 
[4] https://www.jinkosolar.com/ftp/EN%20Eagle%20PERC%2060M%20295-315W.pdf  
[5] https://www.trinasolar.com/us/product/allmax/allmax-pd0508  
[6] http://www.firstsolar.com/en-EMEA/Modules/Series-6 
[7] https://www.degreedays.net/ 
[8] https://www.wunderground.com/  
[9] S. Seme, and G. Štumberger, "Shading effects in the IU characteristic of a mono-crystalline PV 

module"  XII International PhD Workshop OWD 2010, Wisla, 2010 
[10] A. Zulu, and G. Kashweka, "The Influence of Artificial Light and Shading on Photovoltaic Solar 

Panels" International Journal of Energy Engineering, Vol. 3, Iss. 1, p.p. 15-20, 2013 
[11] Matej Žnidarec, Danijel Topić, and Josip Bušić, "Influence of Shading on I-V Characteristics of 

Thin Film PV Modules" Journal of Energy Technology, JET Volume 10 (2017) p.p. 47-60 Issue 
1, March 2017 

 



 
 

Cigre Egypt 2019 

 

 

  
   

220 

 

Power System Improvement using Different AI Optimization Techniques 
 
 

Mohamed G. Z. Fouly1, A. A. El-Mahdy2, I. M. Mahmoud3, Ashraf Seleym4, R. A. Sweif5, 

T. S. Abdel-Salam6 

Faculty of Engineering, British university in Egypt, Cairo, Egypt1&4 

Faculty of Energy and Environmental Engineering, The British University in Egypt, Cairo, 

Egypt2&3 

 Department of Electrical Engineering, Ain Shams University, Cairo, Egypt5&6 
 

 
 
 
 

SUMMARY 

 
As a result of the consistent requirement of generating more electric energy in addition to the reliability 

of this generated power, several analysis works are being drained in this field. The usage of distributed 

generators in distribution systems, which is the backbone of this paper, can facilitate in the reduction 

of power losses in addition to improve the voltage-profiles of the systems. In this paper, 

Backward/forward sweep load flow method is used for a radial distribution network using the Bus-

Injection to Branch-Current (BIBC) and Branch-Current to Bus-Voltage (BCBV) matrices. The Genetic 

algorithm (GA) and the Antlion optimization algorithm are the techniques used for sake of detecting 

the optimal sizes /locations of DG-units to be placed in the radial-distribution networks. The results are 

tested on the “IEEE 69-bus” test networks to verify the proposed algorithms. 
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I. INTRODUCTION 

Due to the consistent requirement for generating more energy in addition to the reliability of this 

generated power, several analysis works are being drained in this field. In distribution systems, 

the nodes’ voltages decrease as the distance from substations increase. The reduction in voltages 

is principally because of the insufficient reactive power. So, adding more reactive-power is a must 

for enhancing the voltage-profile of the network [1]. The X/R magnitude relation in distribution 

networks is very small when compared with that in the transmission networks, inflicting large 

amounts of power losses in addition to lower voltages on the distribution branches [1-2]. The usage 

of distributed generators in distribution systems, which is the backbone of this paper, can facilitate 

in reducing the power losses in addition to the enhancement of the voltage-profiles of the networks 

[2-4]. Reducing the real power loss can be done already by the integration of DGs because they 

contribute by some additional amounts of active power in the network.  Conventionally, 

compensating capacitors are placed in distribution networks for contributing by reactive power in 

the network; this can help also in reducing the losses.  

Many definitions and terms are used to describe the DG such as the term “embedded generation” 

in some countries, other countries called it “dispersed generation”, while Europeans use the term 

“decentralised generation” [2]. A comparative study of the planning and operation of the DG in 

the distribution networks is carried out at [5]. The injection of DG-units is not straightforward and 

should be carefully studied and considered as an optimization problem. The main objective is to 

detect the best locations and sizes of DG-units in the distribution system. Some constraints are 

associated with this optimization such as limitations in DGs’ sizes, limitations in the voltage 

magnitudes of the buses and branches’ thermal limitations in the network. Optimal injection of 

DG-units in the distribution systems has various advantages. Firstly, it will increase the reliability 

of the network [6]. Secondly, optimal locations for DGs give a possibility of maximizing their 

penetration in the network, which can also minimize the CO2 emissions [7]. Optimization is a 

mathematical formulation that is used to find the minimum or maximum values of functions in the 

presence of some constraints. There are various optimization techniques for solving the challenge 

of detecting the ideal sizes/locations of DG-units in distribution systems which are analytical 

algorithms such as that in [8] where analytical expressions for detecting the ideal locations/sizes 

of DG-units are proposed to achieve the maximum power loss reduction in distribution network 

in addition to heuristic algorithms such as genetic algorithms (GA), “Tabu Search”, “artificial 

immune system” (AIS), Fuzzy mathematical programming, “evolutionary programming” and 

“partial swarm optimization” (PSO). [7-10] present some reviews on this. On the other hand, many 

recent works depending on the heuristic algorithms are done in sake of solving the most 

advantageous DG-units injection problem like the “genetic algorithm” (GA) [11], “particle swarm 

optimization” (PSO) [12], “fuzzy logic” approaches [13], “artificial bee colony algorithm” (ABC) 

[14], “Bacterial Foraging Optimization algorithm” [15], “Bat Algorithm” [16], “Evolutionary 

Algorithms” [17], “cuckoo search algorithm” [18] in addition to some combined heuristic 

algorithms methods [19]. “Meta-heuristic” approaches like GA and PSO are considered as 

powerful techniques in sake of solving the non-linear optimization issues. An assessment for these 

three algorithms are done in [26] and validated on a 13-bus radial distribution network for 

detecting the best locations/sizes of DG-units. The results presented that the PSO was faster and 

had better solutions than the GA and ICA. In [11], the genetic algorithm was used to develop an 

optimization methodology for optimal DG allocation for boosting the voltage-profiles and 

diminishing the power losses in distribution network. In [12], the “particle swarm optimization” 

(PSO) technique is offered. The aim was to enhance the voltage-profile giving additional 

advantages such as loss reduction. The authors concluded that PSO gives better solution quality 

and less complex calculations when compared to GA. The best locations of DGs are detected 

through the Fuzzy logic approach in [17], while the choosing of the best size of DGs is decided 

by employing the differential evolution technique. The results were compared with PSO method 
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to validate the algorithm. In [20], Fuzzy-GA technique is offered in sake of the power-loss 

reduction. A comparison between an analytical method, “artificial bee colony” technique and a 

modified “artificial bee colony” technique for different bus systems is done in [14] for detecting 

the best size, locations and power factors of DGs placement. In [18], the cuckoo search algorithm 

is used also to solve the DG-units injection issue. The approach was compared with GA and PSO 

for validation. The objective of this paper is to detect the ideal injection of DG-units in the radial 

distribution network for active-power losses reduction. 

To achieve this objective, the following steps are taken: 
a. A load-flow study used for the radial distribution network. 

b. An optimization technique that effectively can detect the optimal location where a DG 

placed and its optimal size for the active-power losses minimization in the network. 
In this paper, “Backward/forward sweep” load flow technique is used in a radial distribution 

network using the BIBC and BCBV matrices. The Genetic algorithm (GA) and the Antlion 

optimization algorithm are the techniques used to detect the ideal sizes/locations of DG-units to be 

placed in the radial distribution systems. The results are validated on the 69-bus test networks [21-

22] to verify the proposed algorithms.  

II. PROBLEM FORMULATION 

A. Load Flow Analysis 

In this paper, the “Backward/Forward Sweep” Load-Flow technique is employed in power flow 

study of the radial distribution network. KCL and KVL were used for determining the voltages at 

all buses from the farthest bus to the nearest one. Then, branch power losses are calculated using 

the updated bus voltages. In the “Backward/Forward Sweep” power-Flow, the bus/branch 

numbering is very simple. The buses of the network are enumerated in ascending-order forwarding 

from one layer towards another. Each branch begins from sending-bus while ends by receiving-

bus. The branch number is identified by its ending bus number. [23-24] 

 
B. The Objective Function 

The objective is to reduce the active power losses with enhancing the voltage profiles of the 

network. The optimal location and size of the DG units can be determined by solving the following 

equation: 

���	����	 
 �� 
����
��

�
�																							�1� 

Where �� 	:-The number of branches, while �	:-The branch number 

C. Problem Constraints 

The power losses reduction percentage has to be maximized with the following constraints: 
• Power Balance Constraint 

The algebraic sum of all incoming and outgoing power flow over the distribution network should 

be equal  
• Voltage constraint 

The magnitude of voltage at each bus has to be limited by the following equation: 

���� � |��| � ��!" 

Where ����, ��!" are taken as 0.95 and 1.05 p.u respectively. 
• Upper and lower limits of DGs and compensating capacitors which will be shown in the 

results section. 

III. THE PROPOSED ALO ALGORITHM 

A. ALO Inspiration 

The antlion optimizer algorithm is a modern method inspired by nature and developed by “Seydali 

Mirjalili” in 2014 [25]. The name “antlion” is due to its unique behavior in hunting and its prey 

which is the ant. The antlion larva digs cone shaped pits by its large jaw. Then, the larva keeps out 

of sight under the bottom of the pit waiting for ants to be restricted in the pit. The ants drop to the 

bottom of the trap due to the sharpness of the edge of the trap. The antlion tries to catch the prey 

just when realizing that it is in the trap. After catching the prey, it is forced to move below the soil 
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for consumption, and then the antlion throws the remains out of the trap to prepare for the 

following prey. 

B. ALO Operators 

The antlion optimizer algorithm is inspired by the dealings between the antlion and the ant in the 

pit. These dealings can be modelled when the ants are moving in the search space and by using 

traps, the antlions trying to hunt them and become fitter through the following stages.  

Stage	1. Random walk of ants 

Since the movement of the ants are random in nature for finding food, random walk is selected to 

model the movement of ants as follows: 

)�*� 
 +0, ./01/0�23�*4� 5 1�, ./01/0�23�*6� 5 1�,… , ./01/0�23�*�� 5 1�8						�2� 

Where ./01/0 is the cumulative sum, � is maximum iteration number,  :-The iteration number 

and 3�*� :-A random function that is written as following: 

3�*� 
 91			
0			

��	3:�; < 0.5
��	3:�;	 > 0.5																																				�3� 

Where 3:�; is a random number generated in the interval of [0, 1]. 

The ants’ location and the corresponding fitness function matrix are given below. 
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Where MMNO :-A matrix to save each ant’s position, AQ,R :- The magnitude of the y-th variable of 

the x-th ant, n :-The number of ants, and d :-The number of variables. 

To evaluate every ant, a fitness-function is employed within optimization and the fitness-value of 

each ant is stored through the following:  
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Where MVM is a matrix to save each ant’s fitness while	f is the objective function.  

The antlion also is assumed to be hidden in the search space where its location and fitness value 

is saved through: 
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Where MMNOZ[\N is a matrix to save each antlion’s position, ALQ,R :- The value of the y-th variable 

of the x-th antlion, n :-The number of antlions, and d :-The number of variables. As for ants’ 

fitness values, each antlion is evaluated through fitness function where antlion fitness values are 

stored through: 
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Where MMa is a matrix to save each antlion’s fitness while	f is the objective function. 

Random walks are all shown in Eq. (2). The positions of ants are updated with random walk at 

every iteration.  

Random walks are normalized to retain them in the search space by employing this equation: 
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Where a[ and b[	are the minimum/maximum of random walk of the i-th variable, c[O and d[O  are 

the minimum/maximum of variable i at the t-iteration. 

Stage	2. Trapping of ant in the antlion’s pits 

As mentioned before, the pits impact the random walks of ants. The following equations are used 

for modelling this: 

.�A 
 E�*h�i�jA c .A																													�9� 

;�A 
 E�*h�i�jA c ;A 																												�10� 

Where .A  and ;A 	are the minimum/maximum of all variables at * -iteration, while E�*h�i�jA 

displays the location of the chosen l-th antlion at *-th iteration. 

Equations (9) and (10) illustrate that the ants are randomly walking in a hyper sphere known by 

the . and ; round a chosen antlion, 

Stage	3. Building trap by antlion 

For modelling the capability of antlions’ hunting, the roulette wheel is utilized.  The antlion 

optimizer uses the roulette wheel to select the antlions according to their fitness values. This 

process increases the probability of catching ants by the fitter antlions. 

Stage	4. The sliding of ants towards antlion in the built traps 

The antlions build the traps according to their fitness and ants have to mover randomly as discussed 

before. Although the ants try to escape from the built traps, antlions intelligently shoot sands 

outwards the pit’s center when they know that there is an ant in the pit. The hyper-sphere’s area 

of the random walk of ants is reduced in order for modelling this behavior by using the following 

equations: 

.A 
	.
A

m 																							�11� 

;A 
	;
A

m 																					�12� 

 m 
 10� A
n Where * is the present iteration number: -The maximum number of iterations, and w	:-

A constant defined according to the recent iteration. The antlions have to update their locations to 

the new locations of the hunted-ants to increase the probability to catch a new prey; this is 

modelled by this equation: 

E�*h�i�jA 
	E�*�A    If  ��E�*�A� < ��E�*h�i�jA													�13� 

E�*jA indicates the location of �-th ant at the *-th iteration and �	is its fitness function. 

Stage	5. Elitism 

Elitism is one of the essential characteristics for any evolutionary algorithm because it maintains 

the best solutions which are found at each phase of the optimization-process. In this work, the 

ideal antlions which are found on every iteration are stored and considered as elite. 

Because of considering elite as the fittest antlions, all ants’ movement throughout the iterations 

are influenced by it. So, it is assumed that ants have a random walks around the antlions and the 

ideal antlions are selected by the usage of the roulette wheel at the same time as following:  

Ant[O 
 pqr sptr
6                     (14) 

Where u@A  :-The random-walk around the antlion chosen at the *-th iteration, while uvA  :-The 

random-walk around the elite at the *-th iteration. 

The detailed algorithm is presented in the flowchart which is illustrated in (Figure 1). 
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Figure 1 Flowchart of proposed Antlion optimization algorithm 

IV. TEST SYSTEMS DESCRIPTION 

In order to evaluate the effectiveness and performance of the proposed algorithms in selecting the 

optimal size and location of DGs/Capacitors in the radial distribution power systems, two test 

systems are used. The proposed algorithm has been applied using MATLAB programming. In this 

paper, IEEE 69-bus test systems are used to verify the proposed algorithms. Except the base case, 

three groups of cases are considered while two different types of generation are used. 

• Group 1 using PV DGs only 

• Group 2 using compensating capacitors only 

• Group 3 using both compensating capacitors and PV DGs 

Each group represents a number of cases which are discussed below. Three different penetration 

levels of DG/capacitor placement are used for the different cases were: 10%, 20% and 30% of the 

total active/reactive-power in the two networks. The number of DGs/capacitors which are used are 

single, two and three DGs/capacitors.  

 

IEEE 69-bus Test System  

The suggested load flow is implemented for the “IEEE 69-Bus” network whose data is proposed 

in [22]. The overall loads of the network are 4.660 MW (3801.89kW active power and 

2694.1kVAR reactive power). 

The “IEEE 69-bus” network has 69 nodes/68 branches with a base voltage magnitude equals to 

12.66KV and base-apparent power equals to 100MVA, Bus “1” is assessed to be the slack-bus. 

Figure  demonstrates the single-line scheme of “IEEE 69-bus” network. 
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Figure 2 Single-line scheme of “IEEE 69-bus” network 

 
V. SIMULATION RESULTS AND DISCUSSION 

Results of IEEE 69-bus Test System  

There are three groups of results were done same as the groups which are mentioned for Error! 

Reference source not found. results of IEEE 33-bus test system. Table , Error! Reference 

source not found. and 

 
Table  show these groups of results for the IEEE 69-bus system. 

The groups consist 22 cases for DG/capacitor placement according to the penetration level 

limitations, numbers and types of DGs/Capacitors that were used in this paper for the IEEE 69-

bus system, and the corresponding active power (kW) for each case to highlight the minimization 

of the active power losses using the Antlion algorithm.  
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Table 1 Optimal PV DG location and size for IEEE 69-Bus system 
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Table 2 Optimal Compensating Capacitors location and size for IEEE 69-Bus system using Antlion Algorithm 

 
Table 3 Optimal PV DG and Compensating Capacitors location and size for IEEE 69-Bus system using Antlion Algorithm 

 
The active power losses for the base case of IEEE 69-bus system before DGs/Capacitors placement 

is 224.9496 KW as shown in the results, which is decreased by the proposed algorithms in the 22 

cases of placement of DGs/Capacitors reaching to 61.2192 KW in case 19 where a single PV DG 

of 1869.78 KW is added on bus 61 and single compensating capacitor of 1938.51 KVAr on bus 

61. These reductions are due to the addition of active power to the system in case of DG placement 

and the addition of reactive power in case of compensating capacitor placement which reduce the 

power losses of the system generally and the active power losses especially. Voltage-profiles are 

also improved; this will be shown below in the discussion of one of the 22 cases. For example, 

case (3) will be discussed below showing the voltage magnitudes for each bus and the 

improvement of the voltage-profile. Real and reactive power losses for each branch and the 

minimization of the power losses will be shown also. 

Figure  shows the voltage-profile improvement after the placement of the DG compared with that 

of the base case of the IEEE 69-bus system, while Figure  and Figure  show the reduction of the 

active and reactive power losses after the placement of the DG for the IEEE 69-bus system 

respectively. 
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Figure 3 Improvement in the voltage-profile for 69-bus system for Case ‘3’ 

 
Figure 4 Reduction in Active Power Losses for 69-bus system for Case ‘3’ 

 
Figure 5 Reduction in Reactive Power Losses for 69-bus system for Case ‘3’ 

It is observed that the minimum voltage before placement of the PV DG was 0.9092 p.u at bus 65 

for IEEE 69-Bus system while the minimum voltage after placement of the PV DG becomes 

0.9389 p.u at bus 65. This shows that the minimum voltage in the network is improved by 3.27% 

after the DG placement. It is noticed also that the power losses are reduced especially from bus 

‘52’ to bus ‘60’, there is high percentage of reduction in both active and reactive power losses 

reaching 52% as shown in Figure  and Figure . 
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VI. Conclusion  

The Genetic Algorithm (GA) and the Antlion Optimizer algorithm (ALO) techniques are presented 

in this paper to solve the problem of selecting the optimal size and location of DG placement in 

the radial distribution systems in order to minimize the active power losses. Backward/forward 

sweep load flow method is used for the load flow study of the radial distribution networks. The 

proposed ALO is characterized by simplicity and effectiveness. It was observed that the proposed 

methods could find out the optimal location and size of DGs, while, at the same time, it decreased 

the active power losses and improved the voltage-profile of the system. The objective function 

was to maximize the percentage of the power losses reduction. The presented optimization 

algorithm had been applied on test system; 69-bus radial distribution systems with different cases 

of the number, type and penetration level of installed DGs/Capacitors. The results show that the 

two proposed algorithms give exact same results. The simulation results using MATLAB 

programming showed that the proposed algorithms are able to maximize the power losses 

reduction percentage and improve the voltage-profile of the network.  
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SUMMARY 
 

Distributed generation (DG) can be integrated into distribution systems to meet the increasing 

load demand. DG can be used to improve power generation systems and enhance distribution 

system efficiency. However, the installation of DG units at non­appropriate location and sizing 

can result in negative impacts such as an increasing in power losses and violations of system 

constraints. Due to the increasing demand in power sector, a number of problems related to 

transmission line management are quite frequent. The appropriate placement of DG is a reliable 

solution to many of the distribution system issues such as voltage regulation and power loss 

reduction. The placement of generating sources into the distribution system can significantly 

impact the operating state and dynamics of both the transmission and distribution systems. 

Therefore, a method which can identify an optimum DG location and size is necessary. In this 

paper, Genetic Algorithm (GA) and Ant colony Algorithm (ACO) optimization techniques are 

proposed to find optimal sizing and location for distributed generation in electrical networks. 

The objective function of the work relies upon a linearized model to compute the active power 

losses as a function of power supplied from the generators. This strategy based on a strong 

coupling between active power and power flow taking into consideration the voltage angles. 

With the end goal to exhibit the adequacy of the proposed method, the proposed strategy is 

applied on (14) IEEE standard systems. Different maximum penetration level capacity of DG 

units (0–30% of total load) and various possible places of DG units among several types of DG 

(active, reactive or active and reactive power) are considered. Results show that the 

optimization tools employing GA and ACO are effective in reducing active power losses by 

finding the optimal placement and sizing of DG units.  
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genetic algorithm; distributed generation; p; optimum allocation of DG; Genetic Algorithm 

(GA); Ant colony Algorithm (ACO). 
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I. INTRODUCTION 

 

Distributed Generation (DG) offers a huge number of environmental and financial benefits, in 

addition to guarantee a reasonable limit development in distribution systems with enhanced 

productivity and reliability. However, these points of interest can't be completely misused if 

inappropriate siting and sizing of DGs are determined.  The integration of DG units into 

distribution networks, including sizing and placements, has pulled vast interest during the most 

recent 15 years. The issue of choosing the optimal conductor for a real radial distribution system 

in Egypt is investigated utilizing an ongoing meta­heuristic algorithm, known as salp swarm 

enhancement [1]. An enhancement strategy dependent on the Genetic Algorithm (GA) related to 

the Power Flow (PF) technique is utilized to enhance the Distribution Network (DN) performance 

and to distinguish the best location and size of the DG's [2]. A comprehensive study considering 

the effect of integration of customer­owned DG on the arranging of active network management 

(ANM) plans and maximum DG penetration limits is examined [3]. In [4], a simple methodology 

is presented to obtain the optimal location and sizing of DG units using genetic algorithm (GA) 

method. Comparison of optimal DG location applying Particle Swarm Optimization (PSO) and 

GA for minimum real power loss in radial distribution system is explored [5]. In [6], a data­driven 

technique based on the distributional robust optimization is utilized to determine the maximum 

penetration level of distributed generation (DG) for active distribution networks (ADNs). Optimal 

location and sizing of DG’s using Backtracking Search Algorithm (BSA) in IEEE 33­bus 

distribution system are investigated [7]. Many other researchers are utilized meta­heuristic 

algorithms and powerful analytic methodologies to find the optimal sizing of DG. Some of these 

algorithms and methodologies are; New Particle Swarm Optimization (NPSO) [8], flower 

pollination algorithm (MFPA) [9], real option analysis [10], Simulated Annealing (SA) [11], a 

hybrid method by adding optimal power injections to the power distribution systems to reduce 

power loss [12], Index Vector Method (IVM) approach [13], Artificial Bee Colony (ABC) 

optimization algorithm [14], Distribution System ReconFIGuration (DSR) [15], Genetic 

Algorithm (GA) [16], utilizing evolutionary algorithms in meshed network [17] and finally some 

analytical approaches are employed for finding the optimal location of the DGs [18,19].  

In this paper, two optimization algorithms have been developed to find the optimal DG's sizing 

and siting depends on power losses. These algorithms are Ant Colony Algorithm (ACO) [20] and 

Genetic Algorithm (GA) [21]. The suggested algorithms have the ability to solve effectively large­

scale linear and nonlinear problems. The classification of this paper is as follows: Section 2 gives 

brief information about GA and ACO. The formulation of methodology is given in Section 3. 

Section 4 presents the case study on the IEEE­14 bus, test network. Finally, conclusions are 

summarized in Section 5. 

II. THE PROBOSED ALGORITHMS 

 

ANT COLONY ALGORITHM 

 

The general ACO algorithm derived from the behavior of real ants. The procedure of the 

ACO algorithm controls the scheduling of three activities; the first step mainly consists in 

the initialization of the pheromone trail. In the iteration (second) step, each ant put up a 

complete solution to the problem according to a probabilistic state transition rule. The state 

transition rule mainly depends on the state of the pheromone. The third step updates quantity 

of pheromone; the updating rule of pheromone is applied in two phases. First is an 

evaporation phase where a fraction of the pheromone evaporates, and then there is a 

reinforcement phase rising the amount of pheromone on path with high quality solutions. 

This process is repeated until a stopping criterion is reached. Many different ways have been 

suggested to translate the above principles into a computational procedure to solve the 
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optimization problem. FIG. 1 shows the flowchart of the proposed ACO­based solution 

techniques [20]. 

 

 
 

FIG.1. Flowchart of the proposed ACO­based solution algorithm 

 

III. PROBLEM FORMULATION 

The main aim of this paper is to study the reliable performance of the system after placing 

the DG optimally at a suitable site. Since the purpose of DG is to decrease the total active 

power loss and improving the voltage profile, the installation of DG units at non­optimal 

places may not give accurate results which will be useful for improving the system 

performance. However the losses cannot be totally removed, but they can be pushed down 

to an acceptable value. Since the impact of distributed generation on system performance 

based on system operating conditions and the type of the distributed generation, it is 

important to use some solutions in planning and operation to reach solutions for the best 

performance. The first objective is to decrease the total real power loss in the power system 

accounting DG which expressed as follows [5]:  

 

Minimization of   

f � � ������ 																																																											
1�



���
 

 

With DG Subject to real power constraints given by: 

� ����



���
� � ���




���
� ��																																																			
2� 

 

The inequality constraints on  ����  of DG given by:    

                                                                                              

����							��� � ���� � ����								���																																
3� 
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The inequality constraints on ���� of DG given by:                                                                             

  

����							��� � ���� �
����								���																															
4�                                                                                                

The inequality constraints on  ����	��� 		���� of DG with constant power factor given 

by: 

 

�. !� � cos %� 																																																										
5� 

tan*� %� � ���
���

																																																									
6�		 

The ���� given by:  

 

���� � 	 tan*� %� 		 , ����																																					
7�		 
 

where f is the total loss of the system, �.���� is the real power loss at bus i, ��� is the active 

power generation at bus J, PL is the total active system loss, ��� is the total power demand, 

����  is the real power generation for distributed generators, ����  is the reactive power 

generation for distributed generator, ������� and ������� are the minimum and maximum 

active power  generation limits at bus i for DG values, 	�������  and �������  are the 

minimum and maximum reactive power  generation limits at bus i for DG values, �. !�  is 

the power factor of bus i,��� is the active power load at bus i ,��� is the reactive power load 

at bus j %�  the  angle between �� and �� at bus j, and N is the total number of buses in the 

system. The second objective is directed towards the improvement in voltage profile of the 

bus system represented by the objective function (Of) governed by the relation (8): 

/0 � 1 1 � 2
3�



���
																																																	
8� 

Here Of = Objective Function in terms of voltages of all the buses and v (j) is the voltage at 

bus i in the system. The GA and ALO algorithms are used for the optimal sizing of the DG’s 

taking the minimum system losses as the constraint. The optimization algorithm runs until 

there is no more reduction in system losses taking in to account that the constraints are 

obeyed. 

IV.CASE STUDY AND RESULTS 

 

The proposed method is applied to the IEEE 14­bus system with a load of 259 MW and 

73.5 MVAR. The real power losses are 15.014 MW and reactive power losses are 61.1 

MVAR based on the load flow calculations. Bus one selected as slack bus.  

 

Case I: 10% Penetration Level 
 

The proposed methods are applied to IEEE 14­bus system with 10% of load penetration 

level; 25.9 MW and 7.35 MVAR. With 15.014 MW active power losses and 61.1 MVAR 

reactive power losses. Table I represents the comparison of power losses without DGs and 

with adding active power DGs, reactive power DGs and active reactive power DGs with 

constant power factor of bus with respect to its load, using GA and ACO. For this case, two 

active power DG units are optimally sized and placed. Using ACO technique; the size and 
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location of each DG are given in Table I. show that in FIG. 2 the best solution for maximum 

average voltage profile is; three active and reactive power DG units are optimally sized and 

placed using GA technique; the size and location of each DG are given in Table I.  

 

Case II: 20% Penetration Level 
 

The proposed methods are applied to IEEE 14­bus system with 20% of load penetration 

level, 20% of active power and reactive power load are 51.8 MW and 14.7 MVAR. With 

15.014 MW active power losses and 61.1 MVAR reactive power losses. Table II represents 

the comparison of power losses without DGs and with adding active power DGs, reactive 

power DGs and active reactive power DGs with constant power factor of bus with respect 

to its load, using GA and ALO. For this case, two active power DG units are optimally sized 

and placed using ACO   technique; the size and location of each DG are given in Table II. 

Show that in FIG. 3 the best solution for maximum average voltage profile is; three active 

and reactive power DG units are optimally sized and placed using ACO technique; the size 

and location of each DG are given in Table II 

 

Case III: 30% Penetration Level 
 

The proposed methods are applied to IEEE 14­bus system with 30% of load penetration 

level, 30% of active power and reactive power load are 77.7 MW and 22.05 MVAR. With 

15.014 MW active power losses and 61.1 MVAR reactive power losses. Table III represents 

the comparison of power losses without DGs and with adding active power DGs, reactive 

power DGs and active reactive power DGs with constant power factor of bus with respect 

to its load, using GA and ACO. For this case, three active and reactive power DG units are 

optimally sized and placed using ACO technique; the size and location of each DG are given 

in Table III. Show that in FIG. 4 the best solution for maximum average voltage profile is; 

two active and reactive power DG units are optimally sized and placed using ACO 

technique; the size and location of each DG are given in Table III. 
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              DG PLACEMENT BY GA and ALO FOR 14­BUS SYSTEM (10% penetration) 

  

 
                                                

 
 

 

 

 
 

 

 

 

 

 

 

 

 

TABLE II 

Loss 

Reduction 

% 

Ploss 

(MW) 

DGs 
(MVAR) 

 

DGs 

(MW) Implemented DG schedule 
DG 

Types 
Techniques 

DG 

NUMBER 

 15.014          NO DG 

20.741 11.9 0.0 26.1 

 10 3 BUS 

 

            

P 

 

 
 

 8.3 17.8 
Size 

(MW) 

2.09 14.7 7.36 0.0 
 14 2 BUS 

Q 
 

GA 

 

 

 

2DG 
 

 

 0.15 7.21 
Size 

(MVAR) 

24.7 11.46 10.72 25.5 

 10 3 BUS 
P 

& 

Q 

 12.53 12.98 
Size 

(MW) 

 8.1 2.62 
Size 

(MVAR) 

24.9 11.281 0.0 25.8 

 14 3 BUS 

 

            

P 

 

  12.9 12.9 
Size 

(MW) 

0.853 14.886 7.35 0.0 

 14 10 BUS 

Q 

ACO 
 

 

 

 

 

   
 

 

 3.675 3.675 
Size 

(MVAR) 

24.304 11.365 7.911 25.9 

 4 3 BUS 
P 

& 

Q 

 20 5.9 
Size 

(MW) 

 6.711 1.2 
Size 

(MVAR) 

22.74 11.6 0.0 25.24 

14 13 10 BUS 

 

            

P 

 

 
 

14.9 3.4 7.12 
Size 

(MW) 

2.1 14.7 6.34 0.0 
14 2 2 BUS 

Q 
 

GA 

 

 

 

3DG 
 

 

0.14 3.7 2.5 
Size 

(MVAR) 

23.7 11.46 13.95 33.87 

14 14 10 BUS 
P 

& 

Q 

7.97 15.94 9.96 
Size 

(MW) 

2.7 5.35 5.9 
Size 

(MVAR) 

23.9 11.43 0.0 25.9 

14 14 3 BUS 

 

            

P 

 

 9.5 9.5 6.9 
Size 

(MW) 

0.86 14.885 7.35 0.0 

14 14 10 BUS 

Q 

ACO 
 

 

 

 

 

   
 

 

2.45 2.45 2.45 
Size 

(MVAR) 

24.83 11.284 10.4 25.9 

14 14 3 BUS 
P 

& 

Q 

0.9 12.5 12.5 
Size 

(MW) 

0.3 4.2 5.9 
Size 

(MVAR) 
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          DG PLACEMENT BY GA and ALO FOR 14­BUS SYSTEM (20% penetration) 

 

 
                                                   

                                                           

 

 

 

 
 

 

 

 

TABLE III 

Loss 

Reduction 

% 

Ploss 

(MW) 

DGs 
(MVAR) 

 

DGs 

(MW) Implemented DG schedule 
DG 

Types 
Techniques 

DG 

NUMBER 

 15.014          NO DG 

40.7 8.9 0.0 51.59 

 14 3 BUS 

 

            

P 

 

 
 

 8.2 43.39 
Size 

(MW) 

3.2 14.536 14.7 0.0 
 14 2 BUS 

Q 
 

GA 

 

 

 

2DG 
 

 

 8.08 6.62 
Size 

(MVAR) 

45 8.19 14.76 56 

 14 3 BUS 
P 

& 

Q 

 25.83 30.17 
Size 

(MW) 

 8.67 6.09 
Size 

(MVAR) 

45.011 8.526 0.0 51.6 

 14 3 BUS 

 

            

P 

 

  11.6 40 
Size 

(MW) 

3.2 14.541 14.7 0.0 

 14 2 BUS 

Q 

ACO 
 

 

 

 

 

   
 

 

 7.35 7.35 
Size 

(MVAR) 

43.5 8.4863 12.1 51.8 

 14 3 BUS 
P 

& 

Q 

 11.8 40 
Size 

(MW) 

 4 8.1 
Size 

(MVAR) 

41.4 8.8 0.0 51.3 

10 3 3 BUS 

 

            

P 

 

 
 

7.47 20 23.8 
Size 

(MW) 

3.4 14.507 14.7 0.0 
10 5 2 BUS 

Q 
 

GA 

 

 

 

3DG 
 

 

3.36 3.76 3.76 
Size 

(MVAR) 

42 8.715 13.89 51.6 

10 3 3 BUS 
P 

& 

Q 

7.86 20 23.73 
Size 

(MW) 

5.07 4 4.82 
Size 

(MVAR) 

43.35 8.506 0.0 51.8 

14 14 3 BUS 

 

            

P 

 

 5.9 5.9 40 
Size 

(MW) 

0.86 14.885 14.07 0.0 

10 5 2 BUS 

Q 

ACO 
 

 

 

 

 

   
 

 

4.9 4.9 4.9 
Size 

(MVAR) 

42.52 8.631 18.3 51.8 

14 9 3 BUS 
P 

& 

Q 

11.8 20 20 
Size 

(MW) 

4 11.3 4 
Size 

(MVAR) 
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              DG PLACEMENT BY GA and ALO FOR 14­BUS SYSTEM (30% penetration)  

 

 
                                                 

Loss 

Reduction 

% 

Ploss 

(MW) 

DGs 
(MVAR) 

 

DGs 

(MW) Implemented DG schedule 
DG 

Types 
Techniques 

DG 

NUMBER 

 15.014          NO DG 

55.8 6.64 0.0 78 

 7 3 BUS 

 

            

P 

 

 
 

 22 56 
Size 

(MW) 

3.2 14.387 22.05 0.0 
 10 5 BUS 

Q 
 

GA 

 

 

 

2DG 
 

 

 5.15 16.9 
Size 

(MVAR) 

56.3 6.561 24.13 77.3 

 9 3 BUS 
P 

& 

Q 

 24.37 53 
Size 

(MW) 

 13.37 10.76 
Size 

(MVAR) 

56.9 6.471 0.0 77.7 

 14 3 BUS 

 

            

P 

 

  27.7 50 
Size 

(MW) 

4.2 14.384 22.05 0.0 

 14 5 BUS 

Q 

ACO 
 

 

 

 

 

   
 

 

 2.05 20 
Size 

(MVAR) 

57.41 6.395 19.4 77.7 

 14 3 BUS 
P 

& 

Q 

 27.7 50 
Size 

(MW) 

 9.3 10.1 
Size 

(MVAR) 

55.4 6.7 0.0 77.7 

4 3 3 BUS 

 

            

P 

 

 
 

25.2 22.5 30 
Size 

(MW) 

4.2 14.387 22.054 0.0 
10 5 5 BUS 

Q 
 

GA 

 

 

 

3DG 
 

 

5.714 6.34 10 
Size 

(MVAR) 

56.3 6.561 12.95 77.65 

4 4 3 BUS 
P 

& 

Q 

12.6 10 55.05 
Size 

(MW) 

-1.03 -0.82 11.1 
Size 

(MVAR) 

57.35 6.404 0.0 77.7 

14 14 3 BUS 

 

            

P 

 

 7.7 10 60 
Size 

(MW) 

4.2 14.384 22.05 0.0 

14 5 5 BUS 

Q 

ACO 
 

 

 

 

 

   
 

 

2.05 10 10 
Size 

(MVAR) 

57.75 6.344 21.14 77.7 

14 4 3 BUS 
P 

& 

Q 

7.7 10 60 
Size 

(MW) 

2.6 6.44 12.1 
Size 

(MVAR) 
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                                         FIG.2. Average voltages profile of 14 bus system 10% penetration 
 

 
 

FIG.3. Average voltages profile of 14 bus system 20% penetration 

 

 
 
                                     FIG.4. Average voltages profile of 14 bus system 10% penetration 

 

By observing the Tables I through Table III, we conclude that maximum power loss reduction 

for case I occurs when two active DGs of size 12.9 MW are added to buses 3 and 14 respectively 

using ACO technique, while in case II it occurs when two active DGs of size 40 MW and 11.6 

MW are added to buses 3 and 14 respectively using ACO technique and for case III it occurs 
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when buses 3, 4 and 14 receive the following three active and reactive DGs of size 60 MW and 

12.1 MVAR, 10 MW and 6.44 MVAR, 7.7 MW and 2.6 MVAR respectively using ACO 

technique. In addition, the histograms illustrated in FIG. 2 through FIG. 4 indicate that the 

optimum average voltage for the IEEE 14 bus for case I occurs when active and reactive three 

DGs are fed to bus 3 and 4 where the first bus receives a power of size 9.96 MW and 5.9 MVAR 

while the second bus receives a power of 15.94 MW and 5.35 MVAR, as well as 7.97 MW and 

2.7 MVAR from two different DG sources using GA technique, while for  case II it occurs 

when buses 3, 9 and 14 receive the following three active and reactive DGs of size 20 MW and 

4 MVAR, 20 MW and 11.3 MVAR, 11.8 MW and 4 MVAR respectively using ACO technique 

and for case III it occurs when buses 3 and 14 receive two active and reactive DGs of size 50 

MW and 10.1 MVAR, 27.7 MW and 9.3 MVAR, respectively using ACO technique. 

 

V.CONCLUSION 

 

In perspective of consistently expanding load demand in the power sector, DG is playing an 

extremely indispensable role to enhance the system performance by diminishing the real 

power loss and enhancing the voltage profile. Finding the optimal sizing and locations of 

DGs are very important for the reliability of the electric power system. This paper presents 

two heuristic methods; GA and ACO.  The suggested algorithms are used to find the optimal 

DG's sizing and siting depends on power losses. To validate the proposed techniques, IEEE­

14 bus systems are tested and the results obtained are compared. The results are tabulated 

and the average voltage profile enhancement is indicated graphically. Reduction in active 

power losses and enhancement in voltage profile can be noticed.  The results demonstrated 

that the implementation of DG based on ACO is exceedingly viable in reduction total losses 

of real power and voltage profile enhancement compared with GA. 
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SUMMARY 

 

Voltage instability is considered as one of the main threats to secure operation of power system 

networks around the world. Nowadays, Integration of large-scale wind power may have severe 

impacts on the power system operation. Stable, reliable and economic operation of the power 

system under the massive integration of wind power is a big challenge to power system 

operators. This paper This paper scrutinizes seeks to study the voltage stability problems for the 

integration of wind power to the IEEE-14 bus and IEEE-39 bus-systems. 

The main objective of this study is to analyze the voltage stability of the IEEE-14 bus and IEEE-

39 bus networks with large-scale wind power under normal operation using PV and QV 

analyses. As one of the classic static Voltage stability assessment (VSA) method, the P-V curve 

is widely used in identifying the weak buses in one power system. Normally, there is a required 

range of bus voltage variation that restricts load with fixed power factor within a maximum 

value. The loading margin can be defined as the distance between the operating point and the 

maximum load. These steady-state methods, which inherently require less computational 

capability, can indicate the level of stability of a power system. Therefore, QV curves analysis 

tools are used in this paper. 

The importance of accurate representation of the reactive power capabilities of wind generators 

in voltage stability studies was emphasized in the analysis. These analyses define the amount 

of reactive power required to enhance voltage stability and hence can be improved by adding 

suitable reactive power compensator. Here STATCOM is used as a reactive power 

compensator. Simulation of 14-IEEE network with integrated renewable energy sources is 

developed using PSS/E software. 
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INTRODUCTION 
 

Utilization of renewable energy comes from the perspective of environmental conservation and 

fossil fuel shortage. Recent studies suggest that in medium and long terms, doubly fed-induction 

generator (WT 3) and full-size-converter generator (WT4) models will become commercially 

so attractive that large-scale implementation of this type can be seen in many parts of the world 

[1-4]. The integration of these energy sources into the existing power systems is one of the main 

challenges due to the major concerns about the power system stability as well as system 

reliability. In the power system environment, the voltage stability is one of the main indicators 

of the power system stability [5], [6]. It has been proved that inadequate reactive power 

compensation during stressed operating condition can lead to voltage instability. Although 

large-scale WT 3 and WT 4 are capable of generating reactive power, yet reactive power 

generation capability of these types are limited by grid code and normally work very close to 

the unity power factor (usually operate 0.95 lead lag power factor) [2], [7]. However, the size 

and position of large wind turbines can introduce significant impact on power system voltage 

stability as the level of wind penetration become a relevant percentage of total installed power. 

Thus, this paper assesses the impact of large-scale wind generation on power system voltage 

stability. 

The case studies are presented in the paper based on IEEE-14 bus test system and IEEE- 39 bus 

test system. Several cases have been considered for the assessment of system voltage stability 

and these are: 

Case-1: IEEE-14 bus system with (20%, 50% and 70%) wind generation penetration.  

Case-2: IEEE-39 bus system with 10% wind generation penetration.  

The rest of the paper is divided into four sections; first section demonstrates the modeling of 

wind farm. The voltage stability analysis is presented in the second section. The third section 

shows the simulation results, the main conclusions is illustrated in last section. 

 
 
SYSTEM MODELING 
  

PSS/E program is used to develop the wind farms and PV generator models for simulation. It 

supports all types of the available wind turbines, which are split into several types, as follows: 

Type 1: Direct connected Conventional Induction Generator 

Type 2: Wound rotor Induction Generator with Variable Rotor Resistance 

Type 3: Doubly-Fed Induction Generator DFIG 

Type 4: Full Size Converter Unit 

Generic Wind Models are designed to be used in studies related to the integration of Wind 

Turbine Generators (WTG) in an Electrical Power System. The Generic models (WT1 and 

WT3) are studied in this paper. The schematic diagrams for WT1 andWT3 are shown in Fig. 1. 

 

 

Figure2. Power-Voltage Curve for Static Voltage Stability. 
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Figure 3. Voltage-MVAr (VQ) curve for Static Voltage Stability. 
 
 

WIND TURBINE GENERATOR 
 

The energy conversion of most modern wind turbines can be divided into fixed speed or 

variable speed. The squirrel cage induction generator (SCIG) is the main type of generator 

used in a fixed speed unit. The doubly-fed induction generator (DFIG) is the main type of 

generator used in a variable speed unit, which is connected to the grid using power-electronic 

converter technology. For the studies carried out in this paper, we focused on a DFIG variable- 

speed unit modeled as a PV bus. 

The Doubly - Fed Induction Generator (DFIG) is a variable speed wind turbine. The rotor 

winding is fed using a back-to-back voltage source converter. The wind turbine rotor is 

connected, also, to the generator through a gearbox as shown in Fig.4. At high wind speeds, the 

power extracted from the wind is limited by pitching the rotor blades. This type of wind 

generator is one of the preferred technologies in wind generation applications since it supports 

a wide range of wind speed operations. The typical variable speed range is 30% more than the 

synchronous speed [8]. In addition, it provides an effective control of the wind generator‘s 

active and reactive powers through using back-to back converters. Furthermore, the power 

converter system can perform as reactive power compensation and voltage support for the grid 

[9]. Also, the DFIG type of generator has advantages at reducing mechanical stress and 

optimizing power capture. 
 

CASE STUDIES 
 

The analytical tools that are described in the previous section were applied to the IEEE 14-bus 

as a benchmark with grid connected wind farm and PV generators. PSS/E program [10] is used 

to perform the presented simulations. 
 

14- Bus System Description 
 

IEEE 14-bus network consists of two synchronous generators at bus 1 and 2, and three 

synchronous condensers at bus 3, 8 and 6 with a total generating capacity of 272.39 MW and 

82.44 MVAR. The technical data of the IEEE 14-bus is found in [11]. The wind generators are 

doubly fed induction generators (DFIGs). The DFIG was modeled as a PV bus with reactive 

power generator limits enforced. Each DFIG is operated such that to maintain its terminal 

voltage at 1.0 p.u, without exceeding its reactive power capability with 0.95 power factor 

leading or lagging. The total base loads of the network are 259 MW and 73.5MVAR. 

Aggregation model is used to develop the wind farms.  
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The penetration levels of these generators are listed in four scenarios to investigate the 

performance of this model as follows: 
 

Scenario 1: 14 bus test system with 10% wind penetration. 

Scenario2: 14 bus test system with 20% wind penetration. 

Scenario 3: 14 bus test system with 50% wind penetration. 

Scenario 4: 14 bus test system with 20% wind penetration and 20 MVAR STATCOM. 
 

39- Bus System Description 
 

IEEE 39-bus network consists of ten synchronous generators. Buses from 30 and 39 consist 

with a total generating capacity of 5917 MW and 2833 MVAR. The technical data of the IEEE 

39-bus is found in [12]. The wind generators are doubly fed induction generators (DFIGs). The 

DFIG was modeled as a PV bus with reactive power generator limits enforced. Each DFIG 

generator is operated such that to maintain its terminal voltage at 1.0 p.u, without exceeding its 

reactive power capability with 0.95 power factor leading or lagging. The total loads of the 

network are 5856.8 MW and 2780.6 MVAR base load data of the network. Aggregation model 

is used to develop the wind farms. The penetration levels of these generators to investigate the 

performance of this model, four scenarios are studied as follows: 

Scenario 1: 39 bus test system with 10% wind penetration. 

Scenario 2: 39 bus test system with 20% wind penetration at buses number 6, 7. 

Scenario 3: 39 bus test system with 50% wind penetration at buses number 4,5,6,7. 

Scenario 4: 39 bus test system with 20% wind penetration at buses number 6, 7 and 50 MVAR    

STATCOM. 

The simulation will be processed under different penetration levels of wind generation as shown 

in Table 1. This paper analyses the impact of the wind power on steady state voltage stability 

using PV and QV analyses and on total real power loss.  

 

Table 1 Different wind penetration levels and different locations 
 

Case IEEE 14 Bus 

System 

IEEE 39 Bus 

System 

10% wind 

penetration 
10% (30MW) 10% (60MW) 

20% wind 

penetration 
20% (55 MW) 20% (120 MW) 

50% wind 

penetration 
50% (140 MW) 50% (3000 MW) 

 

 

RESULTS AND DISCUSSION 
 

The PV and QV results are obtained for the base cases with all elements in service. The 

simulation results are divided into two sections. In the first section, the system voltage stability 

was investigated by using P-V curves with different wind penetration levels. In the second 

section, total real power loss was investigated with different wind penetration levels. Bus 

voltages are monitored below 0.95 p.u. or above 1.05 p.u. for the normal conditions and 

different wind penetration levels. 
 

 

 



 
  

 

Cigre Egypt 2019 

 

279 

 

System voltage stability with different wind penetration levels 
 

In order to assess the impact of wind generation on the voltage stability, we studied two 

scenarios of the described wind generation connections with different penetration levels and 

compared these results with the base case without any addition of wind generation. In this study, 

the DFIG was modeled as a PV bus with Q limits applied. The P-V curve was analyzed to 

identify the collapse margin or voltage collapse point. The collapse margin measured the 

distance from the current operating point to the maximum loading in the P-V curve. Bus14of 

the IEEE 14-bus system was selected for evaluation because it was a critical bus and prone to 

voltage instability. 

Figures 4 and 5 illustrate the impact of different wind penetration levels on the voltage stability 

of the IEEE 14 bus-system. As shown, the system collapse margin was 106 MW for the base 

case and for 10% penetration level of wind generations at bus 2. The system collapse margin 

increased to 200 MW when the percentage of wind capacity was 20% (60 MW) and 50% (140 

MW). When the wind penetration level increased from 10% to 50%, the system collapse margin 

increased to 200 MW in Figure 4. Table 2 summarize the results. In Figure 5 the system collapse 

margin increased to 212.5 MW in the case of 10% and 20% wind penetration at bus 14. At the 

same time, it can be observed that the 14 bus voltage collapses when there is an increase in 

wind penetration level at the remote buses from the generation area as seen in Table 3. Figure 

6 shows bus 7’s P-V curve of different wind penetration levels of the IEEE 39 bus system, 

compared to the base case when no wind generators were connected to the system. As shown, 

the system collapse margin was 1000 MW for the base case and for 10% penetration level of 

wind generations at bus 7. The system collapse margin decreased to 631.25 MW when the 

percentage of wind capacity was 20% (1200 MW) and 50% (3000 MW). It meant that a higher 

wind penetration might weaken the system voltage stability. Table 4 shows the summary results. 

 

 

 
 
 

 

 
 

 

 

 

 

 

 

 

 

 

 

 
 
 

 

Figure 4. PV curve analysis of IEEE14 bus-system when wind farms connected to bus 2 
 

 

Table 2 PV curve Result summary when wind farms located at bus 2 in IEEE 14 buses 

 

 
 

 

 

 
 

 

 

Wind Penetration 

Level 

Critical Voltage 

p.u 

Collapse Margin 

MW 

No wind 0% 0.87 106 

10% (30 MW) 0.87 106 

20% (60 MW) 0.89 200 

50% (140 MW) 0.93 200 
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Figure 5. PV curve analysis of IEEE14 bus-system when wind farms connected to bus 14 
 

 

Table 3 PV curve Result summary when wind farms located at bus 14 in IEEE 14 buses 
 

 

 
  

 
 

 

 

 

 

 
 

 

 
 

 

 

 

 

 

 

 

 

Figure 6. PV curve analysis of IEEE 39 bus-system for the base case and different wind 

penetration  
 

Table 4 PV curve Result summary when wind farms located at different location to IEEE 39 

buses 
 
 

 

 

 

 

Wind Penetration 

Level 

Critical Voltage 

p.u 

Collapse Margin 

MW 

No wind 0% 0.86 106 

10% (30 MW) 0 212.5 

20% (60 MW) 0 212.5 

50% (140 MW) 0 106 

Wind Penetration 

Level 

Location of wind 

farms  

Critical Voltage 

p.u 

Collapse Margin 

MW 

No wind 0% 1000 0.73 ــــ 

10% (600 MW) Bus 7 0.82 1000 

20% (1200 MW) Buses 6,7 0.49 631 

50% (3000 MW) Buses 4,5,6,7 0.49 631 
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For IEEE14 and 39 bus systems, wind farms were connected to buses which need suitable 

reactive power support depending on QV analysis results.  This result shows the reactive power 

capability for each bus as shown in Table5. All these results lead to a conclusion that the high 

penetration level of wind generation will affect severely the system voltage stability. 

 

Table 5 QV curve Result summary when wind farms located at different location to IEEE 39 

buses 
 

 
 

 

 
 

 

 
 

 

 
 

Impact of wind generation on real power losses 
  

This section investigates the system’s total real power losses with different wind penetration 

levels. The investigation was conducted to demonstrate the effect on system real power losses 

from two different aspects, which are the level of wind generation (i.e., 10% to 50%) and the 

dispersion of wind generation (i.e., 1 or 2 or 4 locations) along the system. The wind generation 

was varied from 10% to 50% of the total network installed generation; the total system real 

losses were recorded for the both 14 and 39 IEEE bus system. 
 

Both Figures 7 ,8 and 9 show the impact of different wind penetration level combinations and 

the dispersion effect of wind generation on system real power losses. The total system real 

losses without wind generation and with different penetration levels of wind generation 

connected at bus 2 in IEEE 14 bus system are shown in Figure 7. It can be seen that the total 

real system losses decreased when there was 50% wind penetration level compared to the base 

case without wind generation. From Figure 8, adding wind generators to bus 14; remote area 

from generation area without reactive compensation, slightly increase the active power loss.  

In Figure 9, it is observed that when the wind penetration level increased to 10%, the total 

system real losses decrease. However, the cases of 20% and 50% wind penetration, the total 

system real losses remain the same as the base case without wind generation. Hence the high 

penetration level of wind has a bit effect on the total real power losses. 
 

 

 
 

 

 

 

 

 

 

 

 

 

 

 
 

 

 
 

 

 
 

Figure 7. Total real power losses of the 14-bus system without and with different wind 

penetration levels at bus 2 
 

 

 

 

IEEE bus 

system 

Bus Number The needed reactive 

power (MVAR) 

14 bus system 2 -70.2 

14 bus system 14 -16.2 

39 bus system 7 770.5 

39 bus system 6 686.5 
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Figure 8. Total real power losses of the 14-bus system without and with different wind 

penetration Levels at bus 14 
 

 

 

 

 

 

 

 

 
 
 

 

 

 

 

 

 

Figure 9. Total real power losses of the 39-bus system without and with different wind 

penetration Levels at different locations 
 

 

Scenario 4 with a Reactive Compensator (STATCOM) in the two IEEE bus systems 
 

In this section, 20 MVAR STATCOM is added to bus 14 in IEEE 14 bus-System and 50MVAR 

STATCOM added to bus 7 in IEEE 39 bus-System; where buses 14 in IEEE 14 and bus 7 in 

IEEE 39 have shortage in the needed reactive power to reach 1p.u. voltage. STATCOM is a 

static synchronous compensator used to improve the performance of the grid connected with 

wind generators [13]. Figures 10, and 11 show a comparison between case 2 and case 4 as 

STATCOM maintain voltage 1 p.u. along different loading till the point of breakdown.  
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Figure 10. PV curve analysis of IEEE 14 bus-system for 20 % wind at bus 14 and20 % wind 

at bus 14 + 20 MVAR STATCOM at bus 14 

 

 
 

 

 

 

 
 

 

 
 

 

 
 
 

 

Figure 11. PV curve analysis of IEEE 14 bus-system for 20 % wind at bus 39 and 20 % wind 

at bus 7 + 50 MVAR STATCOM at bus 7 

 

Figures 12 and 13 show the effect of adding STATCOM on the real power losses. The active 

power loss is reduced significantly. 
 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Figure12. Total real power losses of the 14-bus system without and with STATCOM  

at bus 14. 
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Figure13. Total real power losses of the 39-bus system without and with STATCOM at bus 7. 
 
 

 

CONCLUSIONS 
 

From the previous analysis, the impact of different wind penetration levels and dispersion of 

wind farms on the power transmission network; on the voltage stability and on the real power 

losses. A DFIG wind farm with voltage-controlled mode integrated into the IEEE 14 buses 

system and IEEE 39 buses system where the connection of wind farms were considered for 

three different penetration levels.  

 

From the results presented in this paper, the following can be concluded: 

 

1. Higher penetration levels more than twenty percent did not improve the voltage collapse 

margin in the most of the studied cases and had a negative effect on voltage stability of the 

network. Although, the penetration levels of wind generation up to twenty percent improve 

the voltage collapse margin of transmission system, which mean that higher wind penetration 

might weaken the system voltage stability.  

2. Also, the analysed results in this paper show that the wind penetration levels are able to 

reduce the real losses or remain them as the base case without wind farms addition.  

3. The Location of wind farm should be closer to load areas to support the surrounding buses 

with the needed real and reactive power. 

4. Adding STATCOM has a great effect in enhancing both voltage stability and real power 

losses to achieve a reliable and sustainable grid. 

5. In future work, we intend to elaborate meticulously on each factor and every single parameter 

that has a role on the upper limit of wind level penetration. 

6. Thoroughly investigate how each factor and each parameter contributes to that upper limit 

of wind penetration level. At the end, it is desirable to be in a position of controlling the 

entire voltage stability issue. 
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ABSTRACT 

Substation automation systems (SAS) including protection, control, monitoring, and 

communication offer a wide variety of benefits for any power system. In the case of Egypt, 

SAS integration decision on the transmission network does not rely on a solid case with 

regards to its economic justification of the benefits, when compared to the technological 

merits. Although, several frameworks were tailored to justify the technological merits of 

integrating a SAS, those frameworks hardly covered the techno-economic aspects. In this 

paper (part 1), we analyze the deployment of SAS initiatives by developing a cost-benefit 

analysis (CBA), which expands well-established frameworks including those presented by 

EPRI, EC JRC, and IRENA. In another paper (part 2), we apply our proposed methodology 

on the Egyptian transmission network on the 500kV substations. 

 

KEYWORDS 

Power systems, SAS, Smart Grid, Cost-benefit Analysis, Transmission Network 

1. Introduction 

Smart grid technologies are being rolled out around the world, facing the challenge of 

regulatory approval and for projects implementation and benefits monetizing. This section 

represents review of the existing literature on cost-benefit analysis (CBA) frameworks of 

smart grid technologies. In addition, it identifies the gap areas in the current studies. 

Electric Power Research Institute (EPRI)1 developed the general framework of smart grid 

technologies CBA. This framework acts as the foundation of many other CBA initiatives; 

for example, the European Commission's Joint Research Centre (EC JRC) 2  and the 

International Renewable Energy Agency (IRENA)3 frameworks are both based on the EPRI 

approach.  

This is summarized as illustrated in Table 2.1. It should be noted however that those 

frameworks did not cover specific technologies and specific geographical areas. 

 

 

                                                      
1 https://www.epri.com/#/ 
2 https://ec.europa.eu/jrc/en 
3 https://www.irena.org/ 
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Framework Institution Year 

Methodological Approach for Estimating the Benefits and Costs of Smart 

Grid Demonstration Projects 
EPRI 2010 

Guidebook for Cost/Benefit Analysis of Smart Grid Demonstration 

Projects 
EPRI 2012 

Guidelines for conducting a cost-benefit analysis of smart grid projects JRC 2012 

A cost-benefit analysis 

guide for developing countries 
IRENA 2015 

Table 1: The main existing cost-benefit analysis framework for smart grid technologies 

1.1. EPRI Framework Review 

The Electric Power Research Institute (EPRI) had developed a guidebook for cost/benefit 

analysis of smart grid demonstration projects [1], helping ambitious utilities aiming for grid 

upgrade to answer the economic question: Does this technology worth the effort as shown in 

Figure 2.1. 

 

Figure 1: Smart grid technology evaluation process according to EPRI. 

It presents a systematic step-by-step framework and standardized approach for estimating the 

benefits and costs of smart grid demonstration projects. The framework developed by EPRI in 

the year 2010, 2012, and 2014 is the most advanced basis of several applications and many 

other international frameworks. It sets the guidelines for conducting cost-benefit analysis for 

the smart grid pilot projects. It is important to state that prior to EPRI approach, there were no 

solid frameworks developed.  

EPRI's guidebook is unique in its level of technical specificity and in the range of technologies, 

which are intended to be covered. Their methodological approach was built upon many previous 

ideas lacking the systematic way of defining and estimating the benefits of smart grid 

technologies. Some of the technologies covered are (i) smart meters; (ii) distribution 

automation; (iii) distribution management system; (iv) Flexible AC Transmission Systems 

(FACTS) devices; (v) phasor measurement technology; (vi) fault current limiter; and (vii) 

Vehicle-to-grid power converter. 

EPRI divided the benefits into four major categories:  

i. Economic; 

ii. Reliability and power quality; 

iii. Environmental; and  

iv. Security and safety benefits.  
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The guidebook also defined the expected stakeholders, in addition to how to distribute the 

benefits among them. Furthermore, it outlines how define the uncertainty level for each benefit. 

The framework also has broader application to larger projects, with additional development; 

that is in other words, it will provide the means for extrapolating the results of pilot projects to 

wider scale investments in smart grid technologies.  

The ten-step cost-benefit analysis method is illustrated in Figure 2.2 as proposed by EPRI for 

cost-benefit analysis implementation for smart grid pilot projects. 

 

Figure 2: EPRI ten-step cost-benefit analysis framework for smart grid pilot projects 

1.2. JRC Framework Review 

Deploying smart grid technologies requires investments funding, hence the need for costs and 

benefits estimation methodology is significantly increasing. The joint research center JRC in 

2012 issued a comprehensive qualitative and quantitative analysis of the running smart grid 

projects [2].  

For example, one study "InovGrid" used the cost-benefit analysis method using a Portuguese 

distribution system operator (DSO) as a real concrete case study to assess the proposed CBA 

framework proposed by JRC. This work is mainly based on the EPRI previous approach; even 

it has its own indicators, impacts and modifications updated to the European local conditions. 
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The European commission EC communication on smart grid stated in 2011, that EC intends to 

come up with CBA guidelines for smart grid technologies deployment. It was clearly concluded, 

from InovGrid project CBA, that the results depend on several factors such as geography, 

consumers’ demography and regulatory framework. The framework recognizes that smart grid 

projects impacts are beyond the monetary values only, therefore qualitative impacts were 

considered such as social and policy goals. 

Combining the monetary and non-monetary impacts will enable to have an overall assessment 

of the smart grid project. In fact, figure 2.3 illustrates the new approach proposed by JRC to 

add the qualitative assessment to the quantitative CBA assessment. By that, the framework 

enables the decision makers to have an overall overview of the project total benefits. Here it 

worth noting that the CBA is based on EPRI framework, however it is reduced to seven steps 

instead of ten. 

 

Figure 3: JRC Qualitative and Quantitative assessments and the seven steps cost-benefit analysis framework. 

1.3. The IRENA Framework Review 

The International Renewable Energy Agency IRENA prepared a cost-benefit analysis study 

tailored for the developing countries smart grid applications. The IRENA methodology used 

EPRI and JRC frameworks for its foundation as illustrated in [3]. 

The main motive for this study is enabling developing countries to increase their renewable 

energy share, which can be accompanied by deployment of smart grid technologies. The 
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proposed methodology analysis the most valuable benefits for developing countries and sets 

several solved examples.  

The demonstrated examples are mainly concerned with the distribution level, since the 

technologies covered in this study are: (i) advanced metering infrastructure (AMI); (ii) 

advanced electricity pricing, (iii) demand response (DR): (iv) distribution automation (DA); (v) 

renewable resource forecasting; (vi) Smart inverters; (vii) distributed storage; and (viii) virtual 

power plants.  

This methodology deals with two cases, as it distinguishes whether the involved country has 

renewable goal or not, which will make the benefits monetization process different. Figure 2.4 

illustrates the new cost-benefit analysis approach proposed by IRENA taking into consideration 

if the developing country has or has not pre-defined renewable energy goals. 

 

Figure 4: IRENA cost-benefit analysis framework taking into consideration if the developing country has or has not 

pre-defined renewable energy goals. 

2. Substation Automation Upgrade 

Several important considerations must be taken into account, when deploying automation new 

solution within a power substation. These include not only technical factors, such as calculate 

the availability and reliability for the different SAS architectures [4] but also business 

considerations like staff training, investment and operating maintenance costs.  
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Previously, many protection solid state and electromagnetic protective relays and control 

devices were used for a power substation. Those devices can be replaced now by a few number 

of microprocessor digital devices, having the several functions at the same time with high-

reliability indices. 

There is no technical need for a new solution for design and installation of protection and control 

systems in the substations. The existing method of copper intensive interconnection between 

primary equipment and the protective relays is proven, reliable, and well understood. 

2.1. Business considerations 

� Investment cost Reduction: there is a business need for a new innovative method to 

reduce the investment cost of the copper wiring and the huge number of devices; hence, 

this goal is the driving factor for using fiber optics by transferring to the concept of 

process and station bus and digital multi-function devices; 

� Reduced project schedule: there is a business need to reduce the time required for the 

design, documentation, installation, and commissioning of protection and automation 

systems. The drivers are limited skilled workforce and the recent escalation in the 

investment in the electricity infrastructure in the developing countries. This trend is 

expected to continue far into the future due to the necessity to quickly catch up with 

demand and new energy generating trends; and finally 

� Wide sets of procurement selection: there is an increasing trend to purchase the 

systems components from different vendors to reach better prices and to be able to 

reduce the investment, maintenance, and extension for future costs.  

3. International experience in Substation automation upgrade 

In this section, we highlight the international experience concerning substation automation. 

3.1. Norway 

In Norway [5], the energy not served (ENS) can be reduced if the unnecessary operation of 

protection devices is avoided, consequently increasing interruption cost and hence increasing 

the cost of electricity.  

Three main factors are identified in power system before an investment decision is being made, 

that is in other words: (i) outage cost; (ii) investment cost; and (iii) operation and 

maintenance strategy. It is also found that, the secondary system in Norway (Control 

Protection systems) complexity in the conventional system is reducing the availability and 

reliability of the primary high voltage equipment. An economic evaluation between 

conventional, numerical/station bus, and process bus control systems had been investigated, the 

result was that the latter two (which are two types of substation automation system) are less in 

terms of the investment different costs.  

Fault statistics present that unwanted functions from the conventional protection and control 

systems are the main cause of the fault reasons. For voltage levels ranging from 33 to 420 kV, 

more than 50% of the energy not supplied is caused by unwanted functions, while almost 15% 

are due to missing functions. The annual penalty cost for ENS in Norway can be estimated to 

about 90 Million Euro. The cost for ENS due to protection and control amounts to 

approximately 17% of the total cost at the levels 33 - 420 kV. This makes the penalty cost 

2.75mio Euro/year for incorrect behavior of protection and control and about 6,250 Euro per 
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fault in the transmission system.  The fault statistic shows that 40% of the failures are caused 

by human error and 44% by equipment.  

To conclude, the maintenance procedures based on function analysis will have an economic 

impact by reducing the number of incorrect operations. A significant contribution will be made 

by reducing the work in the substations, and thus reduce the possibility of an unwanted function 

by human error. The information technology will also make it possible to supervise the entire 

power system in a better way, with the ultimate goal to minimize the energy not supplied and 

the distribution cost. 

3.2. Abu Dhabi, UAE 

Another study had been implemented in Abu Dhabi power system [6], the modern substation 

automation system is compared with the traditional control system for cost and performance. 

The new technology provides new functions to the power systems: (i) automatic reclosing; (ii) 

fault location; (iii) voltage regulation; (iii) reactive switching; (iv) under frequency load 

shedding; (v) load restoration, and (vi) switchgear sequence switching. Following the 

practical deployment of SAS in Abu Dhabi substations, there was several advantages achieved. 

This includes for example  

� the reduction of separate devices and relays numbers; 

� less number of panels and consequently the reduction of control building are; 

� shorter commissioning time; 

� the provided functions redundancy makes accomplishing the on-line maintenance and 

check easier; and 

� the higher level of dynamic monitoring and diagnostics facilitating fast detection of any 

defect in the system. 

According to this experience, SAS capital cost includes design, engineering, delivery, 

installation, configuring, testing and commissioning. In the transmission system, there is not 

huge cost savings from installing SAS because of the redundancy high requirements in devices 

but the cost is still lower than the conventional system. On the contrary, for the distribution 

network, the capital cost savings are 25-30%. This results from the multi-functions use in one 

device instead of many for the same feeder. The cost of on-site testing and commissioning is 

estimated to be 8% of SAS capital cost. The communications installations may account up to 

20% of the system cost. Another type of costs is the training which stands for 2% from the 

overall SAS cost.  

In conclusion, in UAE, when it comes to operation and maintenance cost, assuming that SAS 

lifetime is 15 years, there is a large cost saving from converting the substation into being 

unmanned. 

3.3. South Africa 

eThekwini Electricity4 is a distributor of the eThekwini Municipality, on the east coast of South 

Africa. The conventional protection and control system use led to many deficits: (i) the 

arrangement is not easily factory tested and is susceptible to longer commissioning times; (ii) 

the secondary cabling is time and money consuming, and (iii) the provision of protection and 

                                                      
4 http://www.durban.gov.za/ 
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control systems via the primary plant supplier often led to higher investment costs, see [7] for 

more details.  

Two pilot projects had been launched in eThekwini Municipality to test the upgrade to 

IEC61850 standard on the 132kV voltage level. An exercise had been carried out to determine 

the economic impact of the new technology. This exercise has produced some good unexpected 

results. The tendered prices for the IEC 61850 protection and control equipment and contracts 

were used to determine the value of “take-out” and “add-in” items.  

The “take-out” means the unnecessary devices, which can be saved when IEC 61850 is applied 

such as: (i) secondary copper cables; (ii) remote control panels; (iii) supervisory separate relays; 

(iv) oversized control buildings. Whereas, the “add-in” stands for (i) human machine interface 

(HMI); (ii) supervisory control and data acquisition (SCADA) gateway; (iii) communication 

network.  

The resulting of “take-out” value exceeded the “add-in” value, thus offering enormous savings 

in the investment cost and proving that the improved functionality achieved through substation 

automation is also achieved with cost savings. 

3.4. Brazil 

Elektro Eletricidade e Servicos S.A.5 is a Brazilian power utility serves parts of the states of 

Sao Paulo. Elektro owns 120 substations and 74,300 kilometers of distribution lines, see [8]. 

Believing that, the grid modernization is a crucial factor for its owned structure development, 

the company started its plan for substation monitoring and automation improvements in 2006 

by upgrading 30 substations with IEC 61850 and chose DNP3 as the protocol to integrate the 

intelligent electronic devices (IEDs).  

The main objectives of such project are: (i) reduction in cables quantity and cost; (ii) making 

the commissioning easier; (iii) reducing the probability of failures; (iv) higher reliability 

and easier expansion abilities; (v) and interoperability of different origin equipment.  

Following the implementation of the first phase of the project, several benefits were obvious 

immediately; for example, the reduction of interruption duration, in which restoration happened 

in few seconds instead of 1.5 hour in the previous years. Furthermore, remote engineering 

access and dynamic equipment monitoring allowed (i) more economically and intelligent 

maintenance, and (ii) reduction of cables due to Generic Object Oriented Substation Event 

(GOOSE) messaging.  

In short, the standardization of projects resulted in decreasing commissioning time by 40% for 

each substation. 

3.5. Thailand 

Metropolitan Electricity Authority (MEA)6 planned to upgrade 50 existing substations with 

IEC61850, see [9]. MEA receives power from Electricity Generating Authority of Thailand 

(EGAT) at 230kV, 115kV, and 69kV buses at 17 terminal stations. Then, the voltage level is 

reduced to 24kV or 12kV at distribution substations called simply substations and distributed 

to medium-voltage customers and distribution transformers.  

                                                      
5 https://www.elektro.com.br/ 
6 http://www.mea.or.th/en 
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Due to high ambient temperature and humidity in Thailand, IED's are not allowed to be installed 

in the process level or inside switchgears, only to be placed in the station level. MEA has 

designed to use multi-functions such as (i) automatic, control; (ii) interlocking, metering and 

protection functions into the protection relays according to the concept of IEC 61850. 

However, any single protective relay has its own limitation that MEA does not take into 

consideration until an installation phase, e.g. logic-gate capacity, processing time. 

Consequently, MEA has installed several IEDs to overcome this technical obstacle.  

Finally, in order to get the benefit of IEC 61850, the utility must first get a higher reliability and 

availability level. The cost of devices, wiring and maintenance is the second matter. Ability of 

changing any IED within shortest period is one important thing. Therefore, preparing an 

emergency plan, software parameters and hardware is one of solutions but it is not easy to 

update. To make it easier and possibility, more detail of standard and recommendations are 

required. 

3.6. United States 

Tennessee Valley Authority (TVA)7 has launched an initiative to start integrating SAS with 

500kV/161kV Bradley Substation using five different manufacturers, see [10].  

The main objective is summarized as (i) cut the cost of buildings, renewing, operating and 

maintaining the substations, while (ii) upgrading to an advanced protection, control, 

monitoring, and new automation capabilities. In this case, for TVA, automation is defined 

mainly as the substation applications that produce information, control actions, or manage a 

technical utility process, which can be easily achieved through computerized actions.  

The benefit offered by the networked communications infrastructure, include standardized 

construction, shorter construction cycles, reduced engineering and labor requirements, fewer 

accidents, while maintaining quality. The result of this pioneer project, the IEC 61850 standard 

provides the means to integrate communications, information, and applications into a flexible 

and powerful control methodology for the secondary system.  

 

In conclusion, it was clear that with SAS deployment, more information can be exchanged and 

more applications can be initiated. 

3.7. Switzerland 

Following to IEC61850 publishing in 2004, a partial plan for retrofitting of 380kV substation 

Laufenburg in Switzerland8 was introduced. This plan is considered as one of the leading 

projects to adopt the communication standard, see [11].  

Seven out of the 17 bays are being retrofitted until the end of 2006; the first bay was into service 

by the end of 2004. The substation configuration is a triple busbar system with transfer bus. 

Within forty years in operation, the primary and secondary equipment of seven out of the 17 

feeders should be replaced in several steps in two years margin. The new 380kV switchgear had 

to be installed replacing the old primary equipment using a compact hybrid gas insulated 

switchgear (HIS) module. The solution for the deployments of the substation automation system 

used an Ethernet ring series communication. However, the interlocking requirements and the 

                                                      
7 https://www.tva.gov/ 
8 A very significant grid node in the European interconnected system (ENTSO) 
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voltage selection for the synchro-check mechanism were kept hardwired because of the 

interaction between existing and new control systems. 

System performance was assessed according to many categories; the Factory Acceptance 

Testing (FAT) has to prove that the complete system fulfills the desired properties defined in 

the contract between the manufacturer and the owner before it leaves the factory. IEC 61850 

simplifies the FAT since data consistency tests have already been done by formal checks in the 

design phase. On the other hand, the Site Acceptance Testing (SAT) concludes commissioning 

and proves that the system fulfills the contract before it goes into operation. IEC 61850 

simplifies the SAT since by assuring a correct connection of all external interfaces, the data 

consistency and the logical behavior of the functions cannot deviate from the known FAT state. 

The application of new technology always brings risks, the stakeholders shall be involved, and 

aware of the following problems may occur. For Laufenburg project, during the first six months 

some problems had occurred in the operation but none was critical, noticing that, the control 

and protection system, the station bus and the communication with station and remote control 

level are working smoothly and with high performance. 

4. Conclusion 

 

Despite the existence of several cost-benefit analysis frameworks covering smart grid 

technologies, it can be concluded after this survey presented in this paper, that the mentioned 

frameworks did not focus on the smart grid deployment on the transmission power sector.  

The assets and benefits description of the transmission network needs to be addressed. The 

analysis of certain benefits, especially the non-monetary values needs further research and 

enhancements. More research is required to avoid the risk of double counting the values of 

different benefits. 

The update of substation automation technology is taking place in an international scale without 

a standardized approach of justifying the allocated costs against the gained monetary and non-

monetary benefits. The proposed methodology in the next paper (part 2) adopts a collaborative 

approach based on the three previous frameworks EPRI, JRC, and IRENA. While the main 

steps are mainly founded upon EPRI and JRC steps.  

The benchmark values used for the benefits monetization process will be mainly provided from 

IRENA approach, whereas, the concept of the economic evaluations of the net present value 

(NPV), internal rate of return (IRR), benefit to cost ratio (B/C), and the sensitivity analysis 

concept will be based on the JRC framework. 

BIBLIOGRAPHY 

 

[1] US EPRI. Methodological approach for estimating the benefits and costs of smart 

grid demonstration projects. US EPRI: Palo Alto, CA, USA (2010). 

[2] MS Jimenez et al. Guidelines for Conducting a Cost-benefit analysis of Smart Grid 

projects. Publications Office: Luxembourg (2012). 

[3] Paul Komor Ruud Kempener and Anderson Hoke. Smart Grids and Renewables A 

Cost-Benefit Analysis Guide for Developing Countries. Tech. rep. IRENA, (2015). 



 

 

CIGRE Egypt 2019 

 

 

[4] Hamze Hajian-Hoseinabadi. Availability comparison of various power substation 

automation architectures. IEEE Transactions on Power Delivery 28.2 (2013). 

[5] Lundqvist, B., and Y. Aabø. The cost benefit of modern substation automation in 

electrical high voltage installations. Proceedings Session no.39 (2002). 

[6] Abu Dhabi Water and Electricity Authority. Cost validation of substation control 

system in Abu Dhabi substations. Proceedings CIGRE Paris, (2002). 

[7] DT Brown and AL Gielink. A Utility's Experience in the Implementation of 

Substation Automation Projects. Technical Report, GE Digital Energy, (2007). 

[8] Hector J Altuve and David J Dolezilek. Modernizing protection, control, and 

monitoring systems with IEC 61850. Transmission and Distribution Conference and 

Exposition, (2012). 

[9] Metropolitan Electricity Authority IEC61850 Experiences and Expectations from the 

Renovated Substations Project in MEA's Distribution System Substation. CIGRE, 

(2014). 

[10]  MR Ingram and R Ehlers. Integrating IEC 61850 at TVA Substations for Protection, 

SCADA, and Enterprise Applications. Transmission and Distribution Conference and 

Exhibition, (2005). 

[11] Steve Hodder et al. IEC 61850 process bus solution addressing business needs of 

today's utilities. Power Systems Conference, (2009). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

Cigre Egypt 2019 

 

                                                                                                                                     
                                     224 

 

On Remote Anti-Islanding Detection Techniques 

 
          YASSER AHMED ELSHRIEF (*)                                               AMIN DANIEL ASHAM 

                      Teacher Assistant                                              Head of Mechatronics Department 

     Egyptian Academy for Engineering and Advanced Technology (EAE&AT),  

affiliated to the Ministry of Military Production 

 

                DALAL HUSSEN HELMI                          BELAL AHMED ABOZALAM 

 

EGYPT 

 

 

SUMMARY 

 

The main challenge of the interconnection between Distributed generation (DG) and utility grid is how 
to Detect and prevent the problem of Islanding. There are a lot of Standards that are used for organizing 

the relation between DG Resources with Electric Power Systems (EPS), like IEEE 1547, that ensure that 

islanding must be detected and removed within 2 seconds since it is occurred. It is important to Prevent 
Islanding to have generator and consumer equipment protection, power system stability and safety. 

 

Islanding detection is the important issue of power system protection. Variation of several methods for 
islanding detection can help us to have the best results for detection according to the international and 

national standards that are used for detecting and island condition. These methods can be generally 

divided into two types: local detection and remote detection.  

 

A remote method is used for islanding detection on the utility side, whereas a local method is used for 

islanding detection on the DG side. Local methods are classified in two main categories: passive and 

active. 

 

 Passive methods are based on grid parameters calculations that are easy 
for implementation but it’s main drawbacks is having a large Non-Detection Zone (NDZ). Active 

methods, that are commonly used at these days, are preferred over passive methods in the point of NDZ 

as it is reduced in first one, but some drawbacks were predicted as we can face some problems in power 
quality.              

Remote methods such as the communication-based methods, are used nowadays because NDZ at this 

method is nearly zero. 

 

Our mainly purpose for this paper is focusing on Remote islanding detection methods based on 

communications-assisted detection. That has some advantages over active and passive detection 

methods. 

There are more types of communications-assisted detection. This paper discusses these types and the 

advantages and disadvantages of each one. 
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INRRODUCTION 

 

In Recent days, there is a rapid development in Distributed Generation (DG) power sources as 

solar energy, wind energy, fuel cell and etc. [1-2]. Tying the Grid utility with Photovoltaic (PV) 

systems or any kind of DG sources have some restrictions as it must guarantee safe interaction, 

providing the reliability of the grid, high power quality between DG and the utility system. 

The most important issue for these restrictions is islanding, that mean an isolated sector of the 

utility grid from the rest of the utility system, which have both load and generation, and still 

feeding power to the load from DG sources after disconnecting electrical grid from the load [3-

4]. 

Islanding phenomena could occur as a result of these conditions: 

1. Human error. 

2. Utility switching of the distribution system and loads 

3. Failure of Any equipment of the utility will lead to Accidental disconnection and is not 

detected by the PV inverter or any protection devices. 

All these reasons are classified as unintentional islanding that happened without interference of 

the human, but may cause damaging to the grid due to losing the synchronization of the 

electrical grid by creating the significant difference in the stability of power system [5].  

 

The other type of islanding is the Intentional one that means a force disconnection of feeding 

power from the utility side due to a planned action organized by the grid authorized people, so 

it is not harmful to the power system [6] but There is a hazard situation for these authorized 

people during work in the maintenance of the system. As They cannot realize that DG 

continuously provides power to the island portion of the system, and this situation is not a safe 

to them and may lead to death [7-8]. 

 

 

The islanding phenomena lead to harmful results for both the Grid system and the DG, so this 

phenomenon must be prevented when it happens. The frequency and voltage of the grid are not 

stable in an islanding situation and being out of the ranges from the desired grid reference and 

this condition may cause damage to the electrical equipment of the system in an islanded DG 

section [9]. 

Hence, a lot of standards as IEEE standard ensures that islanding detection [10-11] is needed to 

be completed as soon as possible. Consequently, as shown in figure (1), any Distributed 

Generations as solar, wind and etc. must be disconnected using a circuit breaker (CB) from the 

local load as this CB is triggered by a generated control signal because of these restrictions 

[12,13]. 

 

 
Figure 1. Configuration of the proposed system 
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ISLANDING DETECTION AND PREVENTION CALSSIFICATION 

 

Recently, many developments for islanding detection techniques can be found in the literature 

[14–16]. These islanding methods are classified into two main methods called as local and 

remote detection methods as shown in figure (2). 

 

 
Figure 2. Islanding detection Classification techniques 

 

A. Local Techniques 

 

Local methods used to detect the islanding phenomena with a data available for only the 

generator station and no need for any external coordination. The benefit of these methods are 

simplifying installation, easy for maintenance and minimal amount of equipment is required. 

Types of these Local detection methods can be classified into: passive and active. 

 

1) Passive Methods 

 

Passive local methods use the measurements of current and voltage collected from the generator 

station to detect islanding state. Under/Over Frequency (UOF)and voltage relays are almost 

used for this purpose. When the load requirement of power is expected to be larger than the 

available generation of an island, these methods have a good result for detection the islanding 

phenomena as the frequency and voltage will not be stable in these states. 

 

When the load and the generation are nearly matched, frequency and voltage will be more stable 

and the drawbacks of these passive methods will be appeared as it is not able to trigger when 

desired. This is called (NDZ). In order to reduce it, sensitivity of passive methods must be 

increased in order to detect the island condition [17-18]. So we can conclude that, if passive 

methods are to be used, minimum loads that required for the utilities must be greater than 

available distributed generation (DG) levels. 

2) Active Methods 

 

Active local methods are the same as passive in that they only require equipment at the generator 

station (they are local). 

Active methods still repeatedly test the system and observe the feedback response to these tests 

for detect islanding.This testing summarized of injecting perturbations into the system and 

checking their response. 
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 If the feedback values exceed a set threshold, islanding is detected. If the generation and the 

load are more closely matched Active methods would be better than passive methods [17]. 

Although active methods can be successful, to maintain a certain NDZ, it has bad effect on 

power quality of the overall system that push us to work with remote methods despite it is very 

expensive.  

 

B. Remote Islanding Detection Techniques 

 

These Islanding Detection techniques mainly depend on communication between the utility grid 

and any type of DGs. Based on the relation between the utility receiver status, and the whole 

circuit breakers(CB) in the line leading to the DG transmitters, Islanding can be detected. 

 In case of islanding, a signal is sent to trip the DG depends on monitoring the status of CB. 

Although these methods may have no non detection zone and high reliability, they are too much 

expensive to be implemented. 

 In the past, only utility owned made from public telephone companies but, nowadays radio 

transmitting (AM or FM) and optic fibers can be added to the list [19-20]. All types of these 

Remote techniques can be listed as follows: 

 

Impedance Insertion 

 

As in Figure 3 The Schematic of this method is presented. This method inserts a low impedance 

load, usually a bank of capacitors, that is connected to point B when the utility breaker normally 

open. The normally open switch which connects the capacitor will be closed after a delay. If 

the local load is balanced, islanding will occur before the capacitor is connected. Upon the 

capacitor connection, there would be unbalance and the inverter will shut down. The capacitor 

will cause a change in frequency and current phase. As This disturbance occurred by a phase 

change and a sudden change of the resonance frequency which can be detected using the 

Over/Under Frequency (OUF) limits. 

 

 

 

Figure 3. Impedance insertion technique 

 

The advantage of these method, it has no NDZs exist, properly implemented if the delay is small 

enough it is very effective, As mentioned before, these capacitors are used in most utilities and 

If the capacitor is already connected, it can simply be disconnected to prevent islanding.   

There are some main disadvantages that additional capacitor banks may be needed in most 

cases, can be expensive, if multiple units are installed at varying times, who should carry the 

costs of the additional capacitors first, the operation timing of this method is also much longer 

than that of most of the rest methods. This can lead to equipment damage and the failure to meet 

certain network compliances, and it may require equipment to be installed on the grid side of 

the PCC, which can require additional permits and costs [21]. 
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Phasor Measurement Units (PMU) 

 

It is known as a Synchrophasor, and rate of change of frequency (ROCOF). It is required A 

time synchronization source for PMU. That might directly have supplied from a time broadcast 

such as local clock using a standard code or from GPS. The system consists of two units, one 

on the utility substation and the other one at DG and time is stamped before sending to the 

receiver. 

 So, it is very easy to determine that DG is synchronized with the grid or not [22-23]. 

 

Power Line Carrier Communications (PLCC) 

 

As in Figure 4 The Schematic of this method is presented. This method is relying on the use of 

the power line as a communication channel. The basic idea is transmitting a low-energy signal 

continuously between the transmitter (T) founded in the grid side and receiver (R) founded in 

the DG side.  

When this communication is failure, the receiver sends a stopping signal to the inverter and/or 

a switch (included in the receiver) should be opened for isolating the load from the DG [24-28]. 

 the advantages of the technique are: The output power quality of the inverter is not decreased, 

Ability to act in areas with high density of Distributed Generation, It does not have an NDZ and 

doesn't depend on the system size. Some of the disadvantages of this method are : the receiver 

and transmitter cost may be too high. , it requires multiple signal generators and this has a high 

cost in comparison with a simple radial system and under abnormal conditions it has NDZ if 

some loads are operating . 

 

 
Figure 4. Power Line Carrier Communications Technique 

 

Signal Produced by Disconnect(SPD) 

 

As in Figure 5 The Schematic of this method is presented. This method is similar to the PLCC-

based method. The SPD method is based on communication between the inverters and the 

network for avoiding Islanding. Type of transmission used is The main difference between SPD 

method and the PLCC-based method as optical fiber, telephone link and microwave link are the 

types used for SPD. So the state of the switch is almost known by the inverter. 

The advantages of this method is the additional supervision and control of both the DG and the 

grid and it doesn't have NDZ. Unfortunately, this method presents the great disadvantage as 

every DG connected to the network lead to extra cost. Besides, increment of the communication 
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wiring and setup communication protocols must be configured in case of telephone 

communication. And to avoid This problem, radio-frequency communications, must be covered 

up to cover huge distances, so repeaters can be used, and the range of working frequencies 

aimed to be established [29-30]. 

 

 
Figure 5. Signal produced by disconnect Technique 

 

 Comparison of Rate of Change of Frequency (COROCOF) 

 

This method mainly based on the comparison of the variations in frequency at two different 

locations in the grid. The receiving relay of COROCOF is the relay located on a generator set 

that can detect the type of disturbance if local disturbance or disturbance due to the blocking 

signal from COROCOF sending relay [31]. 

 

Supervisory Control and Data Acquisition System (SCADA) 

 

The SCADA system keeps monitoring on the states of circuit breakers. To be sure that the 

system is in islanded or not, can be known from the information contained in SCADA so it must 

be sufficient enough. This method collects its data through sensors and communication 

networks already in normal grid connected mode. If sensors detect any reading, as voltage for 

example, when the grid is disconnected, a warning system through alarms will be triggered and 

all the necessary precautions done. We can exercise some control over the inverter If it is 

connected to the SCADA network, This method has the advantage that allowing a fast response, 

easing Islanding detection, and eliminating an NDZ.  

It has disadvantages that, it gives a slow response in case of the system has one or more 

disturbances, in the presence of multiple inverters, requiring a large number of sensors and extra 

features and it is too expensive. Furthermore, it is not applicable in small installations [24]. 

 

Transfer Tripping Scheme (TTS) 

 

This method can be applied by using SCADA system as it depends on monitoring the status of 

all CB and the status of reclosers that may cause island for the distribution system. When a 

disconnection is detected at the substation, the TTS indicates the islanded area and sends the 

appropriate signal to DGs according to its detection to either disconnect from the grid or to 

remain in operation. 

advantages of this method, no NDZ in operation as all states of all sensors are sent continuously 

to the DG from each monitoring point and more simplicity. 



 
 

Cigre Egypt 2019 

 

The disadvantages are, it requires continuous updating, if the system grows and becomes 

complex it needed relocation and reconfiguration [32]. 

 

CONCLUSION 

 

Unintentional islanding has a lot of harmful results that belongs to power quality issues, safety 

and equipment damage. Because of these disadvantages, the islanding phenomena must be 

detected then prevented.  

In some cases, there are a complexity for islanding detection, mainly with local detection 

methods as it isn’t reliable when load and generation are nearly matched. 

 So Remote islanding detection methods considered more effective than local methods as it has 

the best performance, has nearly zero Non Detection Zone, easy to implement, presents a 

realistic solution to islanding and is suitable for real system applications in solar-wind DG 

systems. The contribution of this paper is presenting a detailed classification of these remote 

methods with explanation of advantages and disadvantages of each method.   
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SUMMARY 

 

This paper analyzes the features of distribution automation system and management system 

as well as issues which dispatchers encounter in their day-to-day works. It introduces a new 

generation system which integrated distribution automation system and management system 

based on dynamic modeling. This paper describes the characteristics of the system, the 

process of implementation and dynamic modeling and its advantages. Through dynamic 

modeling and the integration of management functionality the system greatly increases the 

flexibility and practicality and can be tailored according to customers’ requirements easily.  
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1. INTRODUCTION  

The conventional distribution automation functionality typically includes SCADA (Supervisory 

Control and Data Acquisition), FA (Feeder Automation), DPAS (Distribution Power Application 

Software) and so on. The system in the past often neglects the importance of the distribution 

management function so that the customers haven’t better tool to deal with the daily operations and 

manage the whole distribution network scientifically. Distribution automation system is geared to the 

needs of distribution network dispatcher. The dispatcher’s large proportion of daily work is to operate 

and manage the distribution network. So the management functions of the system for the distribution 

network play a key role in the practical. In order to solve above problems and better meet the needs 

of the customers we developed a new generation distribution automation system and management 

system which not only contains conventional SCADA real-time application functions but also 

integrates the management platform to support the distribution network daily operations such as 

scheduling, production, management, service and other  comprehensive applications. 

Distribution management functions include distribution work management, device management, 

inspection and repair management, operation order worksheet management, asset management based 

on GIS and so on. Formerly these functions cannot be combined with real-time system. The business 

logic is fully bound with the program and any change in function requires program modification. It’s 

very inconvenience to customers and developer. Maintaining the system needs more effort and it is 

inefficient and costly. 

linqn@nrec.com 
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This paper introduces an integrated distribution automation system and management system based on 

dynamic modeling. It summaries universals of distribution management functions, designs various 

relationships of management uniformly and achieves maximum business logic customization based 

on dynamic modeling so that most of the changes in demand can be customized through the tools 

provided by users themselves without the need to modify the program. It greatly improves the system's 

flexibility and practicality. 

 

2. SYSTEM CHARACTERISTIC 

The new distribution automation and management system achieves automation and paperless daily 

management. It integrates real-time and management system, providing full scale dispatching 

automation and powerful application functions to realize the energy optimization. It improves utility’s 

productivity and reduces the operating and maintenance costs. It increases daily operation efficiency 

and correctness. 

The distribution automation and management system develops a new tool of the worksheet 

customization and the workflow engine which connects with real-time systems closely and helps 

dispatchers and planners to draw up and audit schedules and lets computer system fulfill most of the 

daily work to realize automation of distribution management. It reduces the intensity of work and 

improves the quality of work. 

A. Dynamic Modeling 

Distribution management operations are mainly faced a variety of worksheets. Each business has 

its own workflow, worksheet and rule. Different utility’s worksheet style and business processes 

are not the same. In our new generation system all of them can be customized by means of a 

dynamic business modeling without the need to modify the source code of the program. The system 

provides a variety of customized tools to customize the customer’s requirements. The system is 

very adaptable and flexible. 

Worksheet customization tool is used to customize various worksheets. Customers can self-define 

information worksheets. Workflow engine tool is used to customize business workflow and 

operating rules. And authority configuration tool is used to manage the access permission 

administration. 

B. Integrated Design 

The system takes account of the related business model of distribution management system 

synthetically and manages the information of worksheets, workflows, rules, authority from the 

underlying data as a whole. Combined with integration design of the method of data access and 

management mode all business model custom tool are based on unified access interface to 

essentially guarantee the integration of management data and make it very open and flexible. 

C. Online Management Application Based on worksheet and 

Workflow 

Customized worksheet and workflow are the work foundation of online management application. 

All kinds of business management can be operated using the online application platform interface 

such as equipment maintenance application management, scheduling plan management and other 
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business. All the business process flow is driven by the workflow engine to perform the initiation, 

transfer and termination of the management business. 

D. Graph-based Visualized Operation Mode 

All tasks associated with management can be triggered by operation on the diagram to greatly 

increase the visualization and convenience. In the dispatch plan management task of outage 

maintenance, steps in the dispatch plan can be operated by directly clicking the relevant equipment 

on the graph. 

Operation type selection can be triggered by operation on the diagram to improve the efficiency 

and correctness for system control engineers to prepare dispatch plans. 

E. Practical applicability 

Dispatchers are confronted with all kinds of distribution management business every day up to 80% 

of the daily work. The automation of distribution management functionality is very practical and 

can greatly improve the efficiency of distribution daily work. 

F. High Scalability 

The system is designed to wholly customization. All worksheets, workflows, authorities and rules 

are customizable. In this way, high scalability and adaptability are provided. 

 

3. SYSTEM ARCHITECTURE 

The distribution management sub-system consists of two parts: management platform and online 

management application. The management platform provides common features of distribution 

management function including common tools and a common interface. Distribution online 

management applications are built on the platform to fulfill specific functions. All functionality can 

be customized through tools of management platform.  

The system architecture is shown in the following figure. 
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Fig 1：System architecture 

a) Management Platform  
There are two parts: business modeling function and workflow engine service. 
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1) Business dynamic modeling capabilities 

It contains worksheet customization, workflow customization, operating rules definition, 

worksheet authority and action configuration feature. All customizations are made visually. 

i. worksheet customization tool 

Realizing the customization of distribution management business application 

worksheet style and create database for application data. 

ii. Workflow customization tool 

Defining the workflow of distribution management business and the circulation mode. 

iii. worksheet authority configuration tool 

Defining, managing and configuring the authority of worksheet, workflow and user 

role. 

iv. Operation rule definition tool 

Defining terms of management applications, operation ticket generating rules and etc. 

2) Workflow Driven Backstage  

The engine drives the workflow on the move backstage. 

b) Online management application 
Based on the data of management platform, the application calls the corresponding worksheet 

which already defined previously to support a variety of daily management business and scheduling 

of dispatchers. 

All management operations are based on uniform customization tools, workflow engine and unified 

data platform. It’s very convenient for dispatchers to extend the user-specific new business. 

For real distribution management, a distribution management business corresponds to a set of 

sample worksheets and a workflow template. Creating a new distribution management business is 

to initiate a new instance of a worksheet and workflow, then flow it in the workflow until the 

workflow engine terminates it. In the end of the business all the contents of the worksheet are 

archived. 
 

4. DYNAMIC MODELING 

Using the dynamic modeling capabilities of the system, it’s very easy and flexible to maintain and 

extend the management functions and costs much less. When utility enterprise's business processes, 

the style and contents of worksheet and rules have changed, the distribution management system can 

adapt the business requirements quickly through dynamic modeling. 

a) Modeling Process  
1) Summarizing the workflow and authority of the management business within the 

enterprise. 

2) Summarizing the contents, style and the scope of business data of worksheet needed to 
management business, 

3) Using the rules definition tool of the system to define terms and rules of management 
business. 

4) Using workflow customization tool of the system to manage business circulation 
patterns to reflect the transfer of management business between different sectors in the 
utility enterprise. 

5) Using the worksheet customization tool to define business database needed to 
management applications. 

6) Using worksheet customization tool to customize business worksheet styles and data 
association needed to management business. 
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7) Using authority configuration tool to define different access authorities to worksheets 
and workflow. 

At this point, dynamic modeling process is finished. Afterwards if the business pattern needs to 

be modified, what need to do is only to call the respective tools to make some modifications for 

the new business pattern. 

b) Application Management Process 
1) Dispatcher clicks online management application console and login. 

2) Selecting application displayed in the online management application console. 

3) Creating or selecting a new business operation. The console displays worksheet related to the 
business. Customers operate complying with their positions. 

4) After finishing the operation customer submits the worksheet and its subsidiary to the next 
step of the workflow. The management business starts to flow within the utility enterprise. 

5) Other users in the next step login to continue the business operation. 

6) When all the business processes are completed, workflow flows to the end point, then 

automatically terminates the process instance, worksheet and data related is automatically 
archived. 

There are also fallbacks, special deliveries and early termination in actual circulation. 
 

5. CONCLUSION 

The new generation integration distribution automation system and management system which based 

on dynamic modeling has been developed and been put into use in China. It realized flexible 

customization of distribution management business model and achieved the goal of fast meeting new 

requirements by customers themselves. Using dynamic modeling the distribution management is 

seamlessly connected with real-time subsystem and has online application feature and makes the daily 

work automation. It is of great significance to improve whole level of distribution automation and 

solves the shortcomings mentioned in beginning of this article. It can really improve the economic 

benefits of utility enterprises. 
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ABSTRACT 

The decision of investment on the power transmission network is based on various measures 

and techniques for evaluation and final justification. The purpose of this paper (part 2) is to 

apply a suggested methodological framework for analyzing the benefits and costs of a 

substation automation system (SAS). The demonstration is applied on a typical example 

found in the Egyptian transmission network. The suggested framework was discussed in 

another paper (part 1). The methodology used in this paper is based on the JRC EC 

framework. Here, the functions and benefits identification is based on the initial EPRI 

framework employed for smart grid technologies. Furthermore, some necessary assumptions 

are inspired by IRENA cost-benefit analysis framework for developing countries. The JRC 

framework is selected due to its simplicity, additionally, it represents to the decision-maker a 

quantitative and qualitative evaluation for the demonstrated project. 

KEYWORDS 

Power systems, SAS, Smart Grid, Cost-benefit Analysis, Transmission Network 

1. Methodological framework 

Considering the JRC framework, see [1], a sequence of seven steps are clearly defined and 

investigated, in order to estimate the benefits and costs of the selected technology (SAS) as 

illustrated in Figure 1. 
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Figure 1: Cost-benefit Analysis Seven Steps 

1.1. STEP 1: Describe the project, goals, and technology 

Substation automation system is considered to be installed on the 500kV grid substations in 

this paper. The 500kV substation comprises of four (4) bays arranged in a double-bus 

double-breaker scheme. The switchyard is connected to two (2) transformer feeders, in 

addition to two (2) overhead transmission lines. This configuration is illustrated in Figure 2 

within the single line diagram. This represents a typical 500kV substation in Egypt. 

 
Figure 1: A Typical four bays 500kV substation single line diagram 

1.1.1. Project Objectives 

The primary goal of this paper is to set a cost-effective solution for adapting substation 

automation to the new built and/or to the adequate existing substations. In this regard, 500kV 

substation will be used as a pilot hypothetical project. The main objective of this paper is to 

“Enriching the cost-benefit analysis area in terms of technologies applications in transmission 

networks. (i.e. substation automation system)”. This by definition encompasses 

− Determine the benefits (monetary and strategic) which SAS will achieve; and 

− Offer an economic justification for SAS solution in terms of cost-benefit analysis. 

In order to re-narrate the objectives as business drivers/opportunities, it is necessary to map the 

SAS functions onto the addressed opportunities as outlined in Figure 3. 

1.1.2. Technology 

Substation Automation is the deployment of substation, feeder operating functions and 

applications ranging from supervisory control and data acquisition (SCADA), alarming, 

monitoring, integrated volt/VAR control, in order to optimize the management of the primary 

equipment and enhance the operation and maintenance (O&M) with minimal, or even without 

human intervention [1].  
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Figure 2: Mapping SAS IEC 61850 functions onto opportunities/business drivers 

The IEC 61850 is gaining popularity among the utility operators as it provides many 

advantages such as increased reliability, availability of assets, optimized operation of assets, 

reduced maintenance cost, improved communication capabilities, ease testing, and 

commissioning, reduction in project time. The ease of data transfer among various protection 

relays and controllers within the substation ensures that IEC 61850 to be a useful tool [3]. 

The IEC 61850 has two major network configurations: parallel redundancy protocol (PRP) 

and high-availability seamless redundancy (HSR), both defined in the IEC 62439-3, as the 

preferred Ethernet-based protocols for station bus and process bus in substations. Both of the 

protocols, PRP and HSR are based on sending two copies of every signal via two independent 

paths, so that, if one of them is lost, the other one arrives and there is no break in 

communication. However, according to [4], using PRP is a better choice in the large 

substations and in a complex transmission system; therefore, PRP will be a better choice, cost 

wise and from the performance perspective in 500kV substations. 

1.1.3. Country Information 

In this subsection, we highlight show the primary information about the country of interest, i.e. 

Egypt, which presents here the baseline of the cost-benefit analysis 

− 29.4 GW peak electricity demand in 2016/2017 and growing to reah 75GW by 2035; 

− 45 GW annual generation capacity in 2016/2017 and to growing to 146.7 GW by 2035 

(with 3% annual growth rate of TPES); 

− 189.55 TWh annual generated energy in 2016/2017, growing to 287.566 TWh by 2030, 

as the business as usual scenario [6]; 

− A total of twelve (12) 500kV existing substations according to Egyptian Electricity 

Holding Company (EEHC) annual report published in 2017 [11]; 
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− Renewable energy sources goal: 42% of electricity from wind and solar by 2035 

(currently at 2%); 35% of renewable energy to come from wind plants, 10% from 

concentrated solar plants, and 55% from PV plants [12]; 

− Electric transmission grid is owned and managed by the Egyptian Electricity 

Transmission Company (EETC); 

− Average electricity price (EHV): 96.4 pt. per kWh (equivalent to 53.68 USD per MWh); 

− The exchange rate of 1 USD is equivalent to 17.957 EGP1; 

− Expected discount rate by 2020 is 11.1% and expected inflation rate is 10.4%2; and 

− The pilot project term is 15 years starting from 2020; 

Since this initiative under consideration facilitates an existing renewables goal, the predefined 

renewables goal applied by IREN [7] shall be used, that is a target of 53% by 2030! 

 

1.2. STEP 2: Identify the functions 

Despite the fact that the EPRI framework specifies and explains various functions related to 

smart grid technologies, the framework does not include primarily elements related to in the 

transmission system. The primary functions offered by integrating automation system using 

IEC 61850 standard in the hypothetical substation project are selected from the various 

functions defined in EPRI as in Figure 4. One can easily notice that functions in Figure 3 are 

in fact in line with functions listed in Figure 4. 

 

Figure 3: Mapping the smart grid technologies to business elements as proposed by EPRI framework 

1.3. STEP 3: Map Functions into benefits 

The main types of benefits can be divided into four main categories 

i. Economic: reduced costs and increased production at the same cost; 

                                                      
1 As published by the Central Bank of Egypt https://bit.ly/2FuNAwj as of the 10th of January 2019. 
2 As published by the International Monetary Fund https://goo.gl/aNmdfK 
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ii. Reliability and Power quality: reduction in interruptions and power quality indices 

standard deviations; 

iii. Environmental: due to reduced climate change impacts on the ecosystems; and 

iv. Security and safety: improved energy security, extension of properties life, 

improved energy security, and finally increased cyber security.  

In Figure 5, the functions are mapped to the benefits defined by EPRI. Noting that any benefit 

related to renewable integration is not applicable. 

 

Figure 4: Mapping the SAS functions into the expected benefits 

1.4. STEP 4: Establish the baseline 

According to the JRC framework, the objective of establishing the project baseline is to define 

the status in which the project had not taken place; hence, the cost-benefit analysis of any new 

investment is the difference between the business as usual (BAU) or As-Is situation, and the 

implementation of the new project or the so-called To-Be aspiration.  

The baseline is clearly defined in the benefits monetization section (step 5) since the benefits 

considered are only gained after adopting the "the new project" scenario.  
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1.5. STEP 5: Monetize the benefits 

Given the fact that smart grid technologies can provide benefits on the system level and on 

the single project level, it is necessary to distinguish between the expected benefits. Those 

benefits can be categoirued into two 

− Soft benefits which cannot be converted into monetary values (outcomes); and 

− Hard benefits that can be used for an economic evaluation.  

Notice that, not all the hard benefits can be used with a single substation project, but most of 

them need a large scale project to gain from the SAS benefits. Figure 6 illustrates the benefits 

division. 

 

Figure 5: Benefits division into hard and soft categories 

Now we will consider the individual elements from each of the two benefits. 

1. Reduced substation equipment failures investigation costs  

The high voltage primary equipment, such as e.g. high voltage switchgear components, 

and secondary equipment, such as digital devices are prone to failure. It is interesting to 

note that the majority of failures in substations are caused by circuit breakers and 

disconnects switches. This claim is based upon a recent study, published to measure the 

faults rate of the substation equipment in the Egyptian transmission network for a period 

of 10 years, i.e. between 2000 and 2009 [8]. 

By enhancing the monitoring system and the continuous diagnosis and notification of 

equipment malfunctioning, the failure rate, and hence the down time of the affected 

turned equipment is reduced. This also reflects in the cost of the routine inspections. It 

is assumed that after integrating the efficient real-time monitoring functions available 

in SAS, the routine inspection number will drop about two-thirds (2/3) of all routine 

test, see [9].  

− Hourly labor cost C_labor = 10 USD/hour; 

− Hourly transport cost Ctransport = 20 USD/hour; 

− Time to finish the inspection tinspection = 3 hours; 
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− Number of required inspections per single 500kV GIS Substation per year will 

be assumed the min number of each type = 3 single phase circuit breakers, one 

(1) measuring transformer, and one (1) miscellaneous device Ninspection = 5; 

− Number of 500kV substations under the study Nss = 1; 

− Reduced percentage of routine inspection Rinspection = 2/3 (66.7%); 

− Cost per inspection Cinspection = Cinspection = (Clabor + Ctransport) × tinspection; and 

finally 

− Annual savings per substation B is Binspection = Cinspection × Ninspection × NSS × 

Rinspection  

2. Reduced substation operation and maintenance cost 

Due to diagnosis and notification of equipment failure and real-time monitoring offered 

by SAS, operators can schedule the proper preventive maintenance, reduce the reactive 

maintenance cost of the substation equipment and participate in giving the remote 

operators a full overview about transmission lines hence they can isolate the faulty areas 

in a more proper and efficient way. SAS functions will convert the conventional 

substations to unmanned substations. The SAS not only can reduce the number of 

technicians, engineers in the field but can eliminate them. Operation and control can be 

transferred completely to the relevant control center.  

The number of field personnel including engineers, technicians, and administrators in 

the substation can be classified as Figure 7. The salaries of these employees vary 

according to their experience and the job qualifications, however, an average salary 

will be assumed for the ease of calculation. 

 

− Monthly average field technician salary Csalaries = 200 USD/month; 

− Minimum number of field technicians = (operation, protection, maintenance 

engineers, four (4) technicians, two (2) administrators, and one (1) driver), thus 

the total Noperators = 10; and 

− Benefit from substation OPEX yearly savings BSSOPEX is  

BSSOPEX = (Noperators × Csalaries ×12) / year 

 
Figure 6: The field personnel working in a typical substation 

3. Deferred substation investments 

The value of deferred substation capacity investment is monetized by calculating the 

number of years where new investments can be deferred. Reducing the load on the 

existing equipment through means of voltage control and continuous monitoring this 
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will help the planners to delay the substation expansion projects. As stated in [9], it is 

estimated that by delaying the capital investment can save up to 3% of this CAPEX 

value for every year. 

Assuming that the four bays 500kV substation is planned to accommodate a fifth (1/5) 

additional bay in the future. The number of years this expansion can be delayed is 

dependent on the voltage reduction and load management functions offered in the 

automation system and depend on the load growth rate. Taken into account, the data 

found in the EEHC annual report 2016/2017, the load growth rate between 2016 and 

2017 is 0.67%. A rule of thumb for estimating the capital investments deferral is 3% of 

the delayed investment can be used, see [9] for more details. 

− Assumed rated load per single 500kV Bay = 400MW; 

− Assumed voltage reduction ratio during peak load = 2%; 

− Reduced power due to voltage reduction = 2% x 400 MW = 8 MW; 

− Load growth rate = 0.67%; 

− Annual Load growth = 0.67% x 400 MW = 2.68MW; 

− Ratio between voltage reduction and load growth = 2/0.67= 2.9; 

− Assumed Investments cost per single 500kV bay extension (including 

switchgear equipment, protection, SAS, communication, auxiliary systems, and 

cabling) would result in the Cinvestment = 5 mio USD; 

− Amount of load reduction = 2% x 2.9 x 400MW = 23.2 mio; 

− Number of years investment can be delayed = Load reduction / load growth per 

year = 23.2/8 = 3 years (roughly); and 

− BenefitSSDeferral is the benefit from substation investment deferral  

BenefitSSDeferral = 3% × Cinvestment 

This benefit will be used in the large scale application scenario. Hence we will assume 

gradual benefit implementation of the twelve (12) substations. The sequence will be 

three (3), be three (3), two (2), two (2), and two (2) along the project lifetime of 15 

years. 

4. Reduced electricity losses 

According to a World Bank study, focused on developing smart grid to enhance power 

transmission in Vietnam, see [10], it has been estimated based on the international 

experience that an equipped SAS substation will contribute to an annual reduction of 

energy not served (ENS) of 100 MWh. The study also suggests that for developing 

countries, the Value of Lost Load (VoLL) for ENS will be between 2-5k USD/MWh.  

It is important to consider that VoLL with low value represents that the reliability is not 

an important issue in the concerned country. For a more conservative calculation and 

since VoLL is unknown in Egypt, the electricity purchase price for EHV level 50 

USD/MWh will be used instead.  

− Reduction of energy not served ENSsaved = 100MWh/year/substation; 

− VoLL= 2,000 USD/MWh asper the World Bank study. VoLL also can be 

considered also the electricity average purchase price = 50 USD/MWh for EHV. 

In this benefit monetization, the most critical value will be used, this is the 

purchase price.  

− Benefit from the saved ENS BenefitENS 

− BenefitENS = ENSsaved × VoLL 
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This benefit holds high uncertainty, so the ENS value will be considered in the 

sensitivity analysis part of this paper. 

 

5. Reduced CO2 emissions 

Electricity and heat generation contribute to 42% of CO2 emissions. This figure is 

based on the most recent IEA CO2 emissions from fuel combustion in 2018, see [13]. 

Smart grid technologies enable functions of load losses reduction, transmission lines 

management, voltage and VAR control result in primary energy savings and more 

renewable sources integration will ensure the reduction of CO2 reduction.  

It is estimated according to the IEA report, that by 2030 CO2 reduction will reach 0.5 

Gt CO2 and in 2050 0.9 Gt CO2 annually by smart grid deployment in the Middle East 

region, see [14] for more details. This benefit is very dependent in its calculation on 

ENS value. One should note Egypt did not yet incorporate CO2 emissions pricing 

index according to the Paris agreement's key ingredient carbon pricing, hence an 

estimated value will be used for this benefit calculation 4. Due to the reduction in 

energy not served ENS, thus savings in unnecessary generating units' operation after 

reducing the transmission line losses and congestion, CO2 emissions are decreased. 

This benefit does not only hold economic value but also it has a societal effect.  

− ENSsaved = 100MWh/year/substation; 

− Each reduced MWh will save Qemissions = 0.68 tons of CO2 based on a mix of 

gas, hydroelectric, and renewable sources; and 

− Assuming a social cost of carbon Ccarbon = USD 40/ton CO2 

BenefitCO2 = ENSsaved × Qemissions × Ccarbon 

1.6. STEP6: Identify costs 

It is assumed under this study that SAS life expectancy will be the same as the project term 

(years) used in the cost-benefit analysis. 

1. Capital Expenditure (CAPEX) 

The main categories of the SAS capital expenditure, CAPEX, or investment cost are 

indicated in Figure 8. It is clear that the hardware has the largest share of all 

expenditures. CAPEX value depends on the latency and availability requirements. The 

numbers used in this part is based mainly on available information on the internet and 

some are collected during interviews. 

 

Figure 7: Substation Automation system investment cost categories 

CAPEX

Main components Category
No. of ind. 

Devices
Price (USD)

1 Station level Equipment 1.00 100,000.00 100,000.00

2 Bay level Control Panels 3 / panel 2.00 25,000.00 50,000.00

3 FO Cables 1,600.00 m 2.00 USD/m 3,200.00

4 Copper Cables 21,500.00 m 4.00 USD/m 86,000.00

5 Training 1.00 19,000.00 19,000.00

6 Testing and Commissioning 1.00 27,250.00 27,250.00

285,450.00
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Total cost
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2. Operational Expenditure (OPEX) 

The OPEX covers the operation and maintenance costs of the substation automation 

system. OPEX includes two types of costs 

− Fixed where it is called preventive or pre-scheduled maintenance cost; and 

− The other type is variable where it is known as corrective maintenance cost due 

to a fault. 

OPEX can represent 1% of CAPEX value according to a World Bank study for 

Vietnam transmission system, see [10], and Asian development bank study for 

Transmission network project in Uzbekistan [5]. 

1.7. STEP 7: Compare Costs and Benefits 

In the final step, the total costs and benefits monetary values are compared in terms of: 

− B/C ratio: The project value can be represented by the ratio of benefits to costs 

(whether on a net present value or annual basis). For a feasible project, this ratio shall 

exceed one; 

− Net Present Value (NPV): This method estimates the sum of net present values of 

individual cash flows of the smart grid project for the project total period. The net cash 

will be studied for the project estimated period specified in the first step.  

2. Results  

With the conclusion of the development and improvements of the JRC and EPRI framework. 

We now present various scenarios based upon the aforementioned three values. 

2.1. Scenario 1 Single 500kV Substation 

Here the net cash flow is illustrared in Figure 9. 

− Net Present Value (NPV): The calculated NPV is a positive value (3,859.56 USD). 

Starting from the seventh year, the project can earn a net profit; 

− Benefit/Cost Ratio (B/C): The project is profitable since this ratio is larger than one 

(1.01), which is achieved in this scenario.  

 

Figure 8: Net Cash flow for single 500kV substation automation system costs and benefits  
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It is clear from the results that, this type of technology is not very encouraging for investments, 

however, it will pay the costs. Considering that the B/C ratio is larger than one, it has only 

slight benefits values. 

2.2. Scenario 2 Multiple 500kV Substation 

With introducing this technology into more number of substations. Assuming twelve (12) 

number of the national scale of 500kV currently existing substations in the Egyptian network, 

more benefits can be gained than a single substation, which we just illustrated in scenario 1. 

Here the net cash flow is illustrated in Figure 10. 

− Net Present Value (NPV): The calculated NPV is positive value (6,527,961.91 USD). 

This scenario earns its net profit starting from the first year; 

− Benefit/Cost Ratio (B/C): The project is clearly way more profitable since this ratio is 

larger than one (B/C = 2.5) confirming the high profitability of this project. It is 

important to consider that B/C exceeded one in other international projects. The SAS 

application on a national scale in Vietnam gained B/C ratio of 2.13. 

From the obtained results for the multiple substations scenario, the benefits higher values 

will make the investment more justified and approved. Hence, the larger the scale of the 

project, the higher the economic benefit. 

 

Figure 9: Net Cash flow for twelve 500kV substations automation systems 

3. Conclusion 
 

In this paper we presented a methodological framework to perform  CBA for substation 

automation systems, and then we applied the concept on the national scale considering figures 

from the national Egyptian Transmission network. 

It is concluded from the cost-benefit analysis, that the larger the substation automation 

application scale, the more gained monetary benefits. The presented cost-benefit analysis is 

dependent on many international cases and assumptions. Therefore, to be applied accurately, 

further work needs to be conducted based on an actual input under the Egyptian conditions. 
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SAS application. ENS importance will rise to the transmission system operator TSO in the 

upcoming years after liberalizing the electricity sector in Egypt according to the 2015 energy 

law. 
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SUMMARY 

 
The configuration of the DC transmission circuit in bipolar High-Voltage-Direct-Current (HVDC) 

applications impacts directly converter station design, steady state and transient operational 

characteristics and key performance parameters such as overall investment, project execution time, 

losses, reliability and availability.  

Bipolar HVDC schemes use for both poles two identical high voltage pole conductors. As alternative 

to return electrodes a dedicated metallic return (DMR) conductor can be considered. DC overhead lines 

are widely used for economic long-distance power transmission. In case the DC transmission corridor 

passes sea, rivers or other obstacles DC cables are applied for these sections resulting in a hybrid DC 

circuit with overhead lines, cables and transition stations at their interface. 

This paper discusses various aspects for such hybrid DC circuits: 

1. For DC cables: in high DC power ranges the smaller ampacity of DC cables as compared to 

overhead lines results in requirement of paralleling of multiple DC cables. Special design measures are 

introduced with respect to DC cables to cope with stresses from DC line faults and lightning surges in 

transmission line sections.  

2. Implications of DMR conductors for converter station design: As compared to electrodes DMR 

conductors exhibit a non-negligible DC resistance which results for unbalanced bipolar operation in an 

additional voltage drop which has to be considered when assessing the bipole power of the link. 

3. The combination of overhead lines and cables affects the frequency response of the entire DC 

link. Especially at low order frequencies up to approximately six times the network frequency potential 

DC resonances and their implications have to be studied effectively in order to allow for safe and 

reliable HVDC operation. 
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1. INTRODUCTION 

Figure 1 shows the schematic overview of a bipolar HVDC Link with a hybrid DC circuit with dedicated 

metallic return (DMR) conductor using DC overhead lines (OHL) and DC cables. This HVDC scheme 

represents a flexible DC circuit which allows for bipolar operation either in balanced or unbalanced 
mode and various monopolar configurations, i.e. monopolar metallic return operation using as return 

path either the DMR, the HV pole conductor or parallel connection of DMR and HV pole conductor. 

The DC circuit is grounded only at one station in order not to electrically short circuit the DMR. 
 

Regarding selection of OHL and cable sections various project specific aspects are to be considered. Sea 

interconnections are clearly reserved to cables. For land-based transmission OHL is the most economical 

solution. However, available right-of-way, proximity to critical infrastructure, river crossings can be 

decisive for choosing cable sections.  

 

This paper is organized as follows: Section 2 highlights features of the DC circuit shown in Figure 1 and 

gives a comparison to other DC circuit configurations. In section 3 interface of OHL and cable are 

discussed together with fault scenario considerations. Section 4 summarises considerations on 
unbalanced operation of bipolar HVDC schemes and resonance conditions of the DC circuit. 

2. CONSIDERATIONS OF DC CIRCUIT CONFIGURATIONS 

The topology shown in Figure 1 is highly suited for realizing high power, long distance connections 

which can be used e.g. for power exchange between different AC grids such as between North Africa 
and Europe. Siemens has executed several HVDC projects with bipolar DC circuits using DMR as 

shown in Figure 1: Thailand-Malaysia, Cometa, EATL, WATL and the ongoing Ultranet project. HVDC 

projects with combinations of OHL and cable sections are Basslink, Estlink, New Zealand Inter-Island 
Connector Pole 2 and the ongoing Ultranet and PK 2000 [1]. This section outlines some key features of 

this topology and compares specific aspects for alternative DC circuit configurations chosen in other 

HVDC projects. 

 

It is worth noticing that the stage wise development of HVDC schemes as shown in Figure 1 is often 

used such as for EATL and WATL. At the first stage monopolar converter stations are installed, 

however, the DC circuit is built as a bipolar circuit. The HVDC scheme can be upgraded to a bipole at 

a future stage with the installation of the converters of the second pole. Such approach enables to reduce 

the DC losses and increases the reliability and power availability even at the initial monopolar stage. 
 

For Ultranet the three phase conductors of an existing AC line are reconfigured to a bipolar scheme with 

two pole conductors and DMR demonstrating a highly suitable concept when converting AC overhead 
lines into to a DC transmission scheme as shown in Figure 1 [2]. 

 

For interconnections with OHL sections as shown in Figure 1 a dedicated neutral return path is essential 

to maintain DC power of the healthy pole in case of flashovers resulting in single pole to ground faults. 

In most HVDC schemes using line commutated converters (LCC) based on thyristor technology an 

available short time overload capability of the healthy pole is used to compensate the loss of one pole to 

great extent. Typical short-term overload capabilities of 30% to 40% for each pole allow to maintain 

even at nominal power up to 65% to 70% of the pre-fault bipolar power level. In schemes using voltage 

source converters (VSC) such high overloads are usually not available due to the given current limitation 
of the IGBT technology used but the essence of a bipole to maintain the DC power of the healthy pole 

upon a DC pole to ground fault fault is kept. 

 
In contrast to the above discussed DC circuit configuration an alternative is a rigid bipolar configuration 

consisting only of two pole conductors were a completely balanced bipolar operation is realized without 

any need for steady state unbalance current to flow via the DMR. However, since DC line faults result 
in an outage of the entire bipole the rigid bipole configuration has been realized by Siemens only for the 

cable transmission schemes Britned and Westernlink due to the high availability of DC cables with a 

greatly reduced number of DC faults [1]. It is worth mentioning that in case of pole faults in a converter 

station these projects allow for a fast reconfiguration within 3 to 5 seconds to monopolar power transfer. 
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Figure 1: Schematic overview of bipolar HVDC scheme with overhead line and parallel 

cable sections. Return path via dedicated metallic return (DMR) conductor.  

For the common neutral the major benefit of DMR conductors instead of electrodes is to eliminate any 

DC currents flowing via ground and thus to prevent parasitic DC currents entering the AC transmission 

and distribution systems. However, given that no constraints referring to ground or sea electrodes are 

present the use of electrodes as in the recent schemes Belomonte 1 and Nelson River Bipole III is the 

most economical solution for long distance transmission [1], [3].  

 

Especially for VSC a typical configuration is as a symmetrical monopole mostly realized with DC 

cables. However, it should be noted that this configuration will have a full outage upon any faults 

along the DC lines or in any converter station. A redundancy can only be obtained by installing two 

separate parallel links such as for the projects Moyle (LCC) and Inelfe (VSC) [1]. For two parallel 

links four DC conductors instead of three DC conductors as for the bipole shown in Figure 1 are 

required. In contrast to the bipolar configuration for which each HVDC converter builds up only the 

pole-to-neutral voltage the symmetrical monopole configuration requires that the HVDC converters 

build up the entire pole-to-pole voltage. Due to a missing solid grounding of the DC circuit a pole to 

ground fault typically results for symmetrical monopoles in a shift of the healthy pole voltage which 

is only limited by DC arresters.  

3. INTERFACE OF OHL AND CABLE 

At the interface of OHL and cable section transition yards are installed. Figure 2 shows an outdoor 

transition yard at which typically the following main equipment is installed: DC current measurement, 
overvoltage protection by arresters, grounding switches and line fault locator. Referring to interstation 

communication the optical ground wire widely used for OHL is connected to a separate fibre optic cable.  

 
The following section summarizes aspects for handling of faults in such hybrid DC transmission systems 

with OHL and cable sections. 

 
Regarding coordination of faults in the entire DC circuit a dedicated DC protection system can be applied 

to distinguish between self-healing flashovers within the OHL section and bolted ground faults in the 

cable systems. For faults in the OHL section an automatic DC line fault recovery sequence is initiated 

after a predefined deionisation time aiming to restore bipolar operation whereas for faults in the high 

voltage cable section the HVDC scheme will continue with the healthy pole in monopolar operation.  
 
 
 
 
 
 
 
 

3 
 



 
 

Cigre Egypt 2019 

 

 
Figure 2: Outdoor DC transition yard OHL to cable(left), Paralleling of arresters for DC 

cable protection (right). 

Regarding overvoltage protection the interface between OHL and cable is protected with arresters. Since 
DC cables exhibit typically lower required switching and lightning withstand voltages RSIWV and 

RLIWV as compared to OHL the main task is to coordinate the switching and lightning protective levels 

of the arresters SIPL and LIPL according to the cable requirements. For fixed cable parameters the 

typical ratios given in [4] for RSIWV / SIPL and RLIWV / LIPL require relatively low arrester 

protective levels. In the design of state-of-the-art metal oxide arresters the thermal limit for a given 

continuous crest overvoltage (CCOV) has to be observed which sets a lower limit to the SIPL and LIPL 

which is typically not sufficiently low for the cable requirements. However, current sharing of multiple 

parallel connected arresters shifts the effective UI curve to lower coordinating currents per single arrester 

allowing for lower overall protective levels. Thus, proper cable protection with the required low SIPL 
and LIPL is realized as shown in Figure 2 by multiple paralleled arresters. An additional aspect is to 

study the arrester design with respect to reflected waves which occur from incoming lightning surges at 

the interface of the overhead line with a typical wave impedance of 300 Ohm and the cables with a 
typical wave impedance of 20 Ohm to 50 Ohm. The reflection coefficient can be derived from the ratio 

of the wave impedances. A corresponding protective zone of the arresters gives a maximum distance at 

which the arresters shall be located with respect to the cable sealing end. 
 

For handling of DC side faults of HVDC connections fault current contributions fed via the HVDC 

converters and discharge currents from the DC circuit are to be considered. 

For the HVDC converters applied in bipolar schemes a DC pole-to-ground fault represents a converter 

terminal-terminal fault with the resulting fault current depending on the type of converter technology 

used. The following section outlines typical fault current pattern of VSC and LCC converters observed 

directly at the converter terminals. 

For VSC built as state-of-the-art in multilevel converter topology using half-bridge modules a persistent 

fault current is fed via the AC system towards the DC side until the converter is isolated from the fault 
by opening the AC side circuit breakers [1]. The typical fault current pattern shown in Figure 3 as 

measured in one VSC converter arm results from the blocked converter acting as a diode rectifier. In 

this topology a decaying tail current is observed in the DC circuit after opening the AC side circuit 
breakers. Faster fault clearing within ms time for VSC schemes is obtained by using full bridge 

converters which can control the fault current to zero as in Ultranet project. For future projects the use 

of dedicated DC breakers is another concept for fast fault clearing. 

For LCC blocking the thyristor firing pulses is effectively bringing down the fault currents to zero after 

a first current peak. Figure 3 shows an example for the fault current contribution of an LCC as seen by 

the smoothing reactor. A ground fault directly at the smoothing reactor terminals facing towards the 

outgoing DC line results in a single current peak with an amplitude of approximately 4 kA. For faults 

along the DC line changing the DC voltage polarity during a forced retard action is a well-established 

concept for LCC to drive DC side faults current actively to zero. 
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The limited current capability of cables results for high power installations with DC currents higher than 

approximately 1.5 kA to 2 kA in the need of paralleling of cables. In this configuration the peak fault 

current is significantly increased for a fault location in a single cable since all parallel cables discharge 

into the fault location. Figure 3 shows an example for a ±500 kV system with a short DC cable section 

of less than 20 km length with three parallel cables. As can be seen a high frequent oscillating discharge 
event with current amplitudes of up to 70 kA is obtained for a fault within one of the parallel cables. 

The fault current contributions from the converters in Figure 3 a) and b) are much lesser than the cable 

discharge currents in Figure 3 c) and d). Beside the maximum fault current amplitude the relevant 

thermal power dissipation I2t is to be evaluated especially for the conductor and sheath of the cables. 

 
Figure 3: Fault currents for pole to ground faults in bipolar HVDC schemes: a) fault 

current in VSC converter arm, fault occurring at 0.21 s, opening of AC breaker at 0.27 s, 

b) fault current peak in smoothing reactor of LCC converter, c) discharge of three 

paralleled cables into a single cable fault, d) zoom of c). x-axis all plots: t ime in seconds. 

4. STEADY STATE ASPECTS 

The following paragraph discusses for the configuration shown in Figure 1 consequences of the DMR 
resistance for unbalanced bipolar operation. Such unbalance operation may occur in case current 

capability of one pole is limited by e.g. used up redundancy of cooling systems of converter transformers 

or HVDC converters. Figure 4 shows station A operating as rectifier and the DC circuit being grounded 
at the inverter station B. For the following discussion it is assumed that pole 2 has a reduced current 

capacity. The difference of the pole currents results in a voltage drop along the DMR conductor which 

is seen at station A as a shift of the pole-to-neutral voltage. The following nomenclature is used: 

 

Udc, Idc:  Nominal pole-to-ground DC voltage, nominal pole DC current 

RDMR:  DMR resistance 
UDMR:   Voltage drop across DMR conductor, i.e. shift of DC potential to ground at station A 

r:   factor of reduced current capacity of pole 2: r ∙ Idc, r < 1 

c:  factor of increased current capacity of pole 1 to compensate pole 2 power: c ∙ Idc, c > 1 
 

The unbalance current in DMR results in unsymmetrical operating voltages of both DC poles. Figure 4 

illustrates two main consequences of unbalanced operation: 
a) The maximum limit of converter terminal-terminal voltage results in a reduction of DC pole-to-

ground voltage of pole 1. For Figure 4 it is assumed for simplicity that the converter voltage 

capability is limited to maximum 1.0 p.u. Thus, for a converter terminal-terminal voltage of 1.0 

p.u. the DC pole-to-ground voltage at pole 1 of station A is reduced to Udc – UDMR. 
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b) The maximum allowable DC terminal-to-ground voltage results in a reduction of terminal-

terminal converter voltage of pole 2. By assuming for simplicity that the maximum DC voltage 

pole-to-ground is limited to 1.0 p.u. the resulting DC pole-to-pole voltage of converters of pole 

2 at station A is reduced to Udc – UDMR. Thus, the DC power of pole 2 is affected by a reduction 

of DC current and DC voltage. 
 

 
Figure 4: Unbalanced operation of bipolar HVDC scheme. 

 

Considering the DC power of the bipole as sum of the DC powers of both poles at the rectifier DC 

terminals of station A the following current increase for pole 1 is derived to compensate the effect of 

reduced DC power of pole 2: 

 

� �
������	
���
�	���		

�	

������
�	���			
    (1) 

 

With this overload current of pole 1 c ∙ Idc and the reduced current of pole 2 r ∙ Idc the same bipolar power 
is obtained in unbalanced bipolar operation as compared to bipolar balanced operation. For bipolar 

power of 3000 MW typical figures of Udc = 500 kV, Idc = 3.0 kA, RDMR = 30 Ohm, r = 0.8 p.u. for pole 

2 current result in a DC current of c = 1.27 p.u. required from pole 1 for compensation. Thus, the voltage 
drop across the DMR results in a further current increase of the healthy pole to obtain nominal bipolar 

power as sum of pole 1 with 1900 MW and pole 2 with 1100 MW in unbalanced operation. 

 

The unbalance effect discussed above is increased by choosing DMR conductors with reduced ampacity 

as compared to the pole conductors. Figure 4 shows one example for unbalanced operation. For a specific 

project effects from different power directions, grounding locations together with maximum limits for 

pole current, converter terminal-terminal voltage and DC pole-to-ground voltage are to be studied. 

The unbalanced operation is fundamental for multiterminal bipolar schemes for which high DMR 

currents are observed when operating different converter stations as monopoles and bipoles in parallel. 

For transmission schemes with electrodes the above effect can mostly be neglected due to the 
diminishing resistance of the return path via ground.  
  

A further topic for steady state operation is related to resonances conditions in the DC circuit which 

depend on impedances of the converter station main equipment and the DC lines.  

For LCC technology due to the strong frequency dependent interaction of AC and DC side currents 

resonances in the DC circuit especially at fundamental frequency and second harmonic may be triggered 

from the AC side [5]. Out of this coupling follows that also AC system conditions characterized by the 

harmonic AC system impedance are relevant for DC side resonance conditions. Thus, it is a major task 

for design of LCC schemes to rule out critical resonances in all possible operating configurations 

including variations of AC side network configurations. Figure 5 shows for a typical bipolar LCC 
scheme with approximately 800 km OHL line length a scan of the absolute value of the DC side 

impedance Zdc as function of AC system strength in the low order frequency range up to 200 Hz.  
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In areas with low values Zdc even small voltage excitations may result in significant currents in the DC 

circuit. As can be seen in Figure 5 a low order resonance of Zdc between fundamental frequency and 

second harmonic is shifted with increasing AC network strength to higher frequencies. 

 

Since the scanning in Figure 5 is based on calculation of passive circuit impedances over a wide range 
it is very effective to identify operating configurations and conditions for which potential resonances 

may occur. Using the scanning approach represents a dedicated tool for defining main circuit data 

especially with respect to different DC circuit configurations, main data of converter station equipment 

referring to converter transformer impedances, sizing of smoothing reactors, DC filters and possible 

lengths variations of DC transmission lines.  Potential critical configurations are to be checked precisely 

with a detailed representation of the HVDC scheme.  

The effect discussed above for LCC is of less importance for VSC technology due to the de-coupled 

currents on the AC and DC sides of VSC converters but still fundamental voltages induced on OHL 

from AC system during steady state operation result in some oscillations of DC power for which 

damping within the DC circuit is relevant. 
 
 

 
Figure 5: Scanning of absolute value of DC impedance for LCC HVDC scheme as function 

of AC system short circuit level (SCL). 
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SUMMARY 
 

This paper presents a novel design of a strong action controller. This controller will work as a 

power system stabilizer (PSS). A continuously loaded large scale synchronous generator will 

be equipped with this strong action PSS to enhance stability to this generator. Strong action 

PSS can achieve system stability which allows increasing significantly the steady-state 

stability margin, effectively damp oscillations, and stabilizing transient processes. Also, it 

helps to prevent sudden reductions of power system busbars' voltages. In order to accomplish 

best damping characteristics for rotor speed and terminal voltage of this generator type; one 

large scale synchronous generator has a rated output of about 1.2 GVA is supposed to be 

connected to a 0.5 MV electrical utility grid while it is operating continuously 24/7, i.e. must 

be full loaded all the time. Different signals from the generator are chosen as inputs to the 

strong action PSS that equipped to this generator. This technique proved its efficiency in 

damping oscillations in the frequency and variations in the terminal voltage signals of the 

generator. Hence, better system stability is achieved. 
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1. Introduction: 

 

Power systems now a days is large and interconnected (in the space dimension), the operational 

state is continuously varying (in the time dimension), and the control objectives are numerous 

(in the dimension of objectives), and has to meet the various requirements in all dimensions for 

power system operations [1]. 

In the past century, specially, since the sixties, considerable efforts have been made towards on 

the enhancement of the dynamic and transient stability of large power systems. Different 

approaches have been reported and discussed in the literature to provide the damping required 

for improving these systems stability. There are different reasons led these research studies 

towards that direction. Of the most important reasons are: reduced margins of stability of these 

systems, economic conditions, reliability, and security requirements ... etc [2]. 

Different mathematical, and control methods are used theoretically, and are practically applied 

and implemented for stability studies. Few of these studies are devoted for studying system 

states and relations with stability. In modern power systems, utility expansion is the main 

feature, which makes it to operate with reduced bounds of stability margins due to lower inertia 

constants and higher reactions of generation units [3]. 

Due to rapid growth of the population, and the continuous shortage in supplying conventional 

sources of fossil fuels … coal, oil, natural gas … etc., and the limited amounts of hydro-electric 

generation, the works in the non-conventional electricity generation increases from day to 

another; and the usage of non-conventional sources increases year to another. Nuclear power 

plants are one of these leading non-conventional sources. Nuclear power plants with its 

continuously loaded large scale synchronous generators became one of the best solutions for 

satisfying the increased and continuous demand for electric energy due to its low running cost, 

high generated amount of energy and supposed to be environmentally clean source of base load 

electrical generation [4]. 

Simulations required for the study of power system stability depends on the development of 

sound mathematical models for these systems. However, the nonlinear nature of these systems 

had made it difficult to obtain valid results especially in complex power systems. However, 

researchers have produced different computer models for the representation of systems with 

various degrees of success. Others have found that recent control techniques may not be that 

dependent on the system model. Also, with the development of computer techniques and their 

applications, new branches of artificial intelligence and expert systems are generated and 

applied in power systems control. Different fields have stemmed from artificial intelligence 

such as artificial neural network approaches and genetic algorithms [5]. 

In current case of connecting a large generating unit with the grid, a new proposed controller is 

to be attached with the large scale generating unit (which working as the single synchronous 

generator) when connected to the grid (which represents as the infinite busbar); strong action 

controller. This controller is a Russian-type controller for emergence to ensure their best 

performance in the system and coordinated operation with the other power system stabilizers. 

This newly developed controller is used to prevent contingencies from evolving into a 

blackout. Special attention has been paid to the coordination in power systems. 

The strong action controller is used to achieve power system stability which allows increasing 

significantly the steady-state stability margin effectively damp oscillation, and stabilizing 

transient processes. Also, the proposed strong action controller helps to prevent sudden 

reductions of nodal voltages. 

In this paper, a novel control design of a strong action power system stabilizer for a 

continuously loaded large scale synchronous generator that connected to a large grid, in order 

to enhance stability to this generator. 
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2. System under Study: 

 

The dynamic characteristics of synchronous generators and stability analysis of large electric 

power systems depend almost entirely on digital computer simulations of system dynamics 

behavior. The existence of mathematical models for a variety of apparatus is necessary for 

these simulation studies. In this section, models for synchronous generator and its excitation 

system are presented and discussed. The development of accurate model representation for 

synchronous generators has been the subject of study by many investigators. In selecting the 

synchronous generator model, three factors should be taken into account: accuracy, 

difficulties in practical implementations, and computational difficulties [3]. 

The choice of high order system model yields a better accuracy, but leads to difficulties in 

computation and practical implementation. Apart from the accuracy consideration influencing 

the order of the model, there is in addition, the concomitant of measurability of state 

variables, all of which may not be accessible in practice. A detailed nonlinear model of the 

synchronous generator, which takes into account the various effects introduced by different 

rotor circuits, i.e. both field effects and damper winding effects are described. In this model 

the generator is represented by seven nonlinear differential equations based on Parks 

equations. In addition to these, other equations describing the load (or network) constrain and 

the excitation system must be included in the mathematical model. Thus the complete 

mathematical description of a large power system is exceedingly complex. 

For studying the idea introduced in previous, this paper focuses on the application of strong 

action controller when working as a PSS to a single synchronous generator connected to an 

infinite bus (SMIB) power system in order to improve system frequency stability. A general 

system configuration is shown in figure (1). The synchronous generator responses under a 

sudden large step increase of the mechanical input power of the generator are tested. Also, the 

system is tested when it is disturbed with a large fault like a 3-phase solid short circuit at the 

terminals of generator. This paper will study the performance of the synchronous generator 

that connected to a large power system through double parallel transmission lines as shown in 

figure (1) [6]. 

 

 
Figure (1): SMIB Power System 

 

The synchronous generator under consideration is assumed to have three stator windings, one 

field winding, and two damper windings. These six windings are magnetically coupled. The 

magnetic coupling between the windings is a function of the rotor position. The flux linking 

each winding is also a function of the rotor position. 

The synchronous generator under study can be modeled with a system of seven nonlinear 

differential equations. The synchronous generator excitation system is considered to be the 

IEEE type 1-system and modeled with three linearized differential equations. A simple IEEE 

type 1-S block diagram is shown in figure (2). The system electromechanical mode equations 

which represent the rotor acceleration in angle δ  are described by the swing equation: 
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By referring to this equation and solving it inherently with the rest of system equations, the 

system frequency and rotor angle responses can be deduced. Rotor speed ω  represents system 

frequency [3]. 
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Figure (2): Excitation System Block Diagram 

 

Combining excitation system equation and equation (1) with synchronous generator under 

study model with its seven nonlinear differential equations, and rearrange these complete 

eleven equations model in the state-space form, as: 
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3. Strong Action Power System Stabilizer: 

 

PSSs installed on a lot of generators in Russia have a different structure. It use additional 

different input signals than normally used, and are rigorously tuned to ensure their best 

performance in the system and coordinated operation with the other PSSs that located in 

power system. They are called the strong action PSSs, which allow to considerable increase 

the steady-state stability margin (by ~10%), effectively damping oscillation, and overall 

stabilize transient processes. They also help to prevent sudden cutback of nodal voltages. 

Comparing to the normally used PSSs, the strong action PSS systems employ derivatives of 

the input parameters and use more significant gains in their stabilization channels. Regulators 

of this type are built-up on all hydro and thermal generators that have a rating of 100 MW and 

more. 

This type of emergency control is used to prohibit instability in emergencies related to the 

tripping of any of network components and the corresponding weakening of the transmission 

paths. Switching is performed by synchronous generator or unit circuit breakers carry out 

switching with the minimum possible delay time following the disturbance. The switching is 

carried out no later than 0.2-0.5 s after the disturbance. The stabilizing effect is provided due 

to the reduction of the power flow in the lines forming the stability limited cut set during the 

transient process and in the post-transient system state. Synchronous generator tripping helps 

to increase the decelerating power by sudden reduction of the equivalent mechanical torque 

provided by the generators’ prime movers. This positive effect could be relieved due to the 

reduced electrical torque caused by voltage denies after the generation trip. In this situation, 

the strong action PSSs on the remaining generators help very much to support voltage level. 

Usually, the synchronous generators selected for the tripping are electrically located away 

from the critical cut sets.  
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In accordance with the today’s realities, for effective development of emergency control 

systems (and respectively for reasonable decreasing the probability of future blackouts) it is 

necessary to develop: wide-area coordinated approach to improve the overall security of 

power grids, procedures regulating interactions and coordination between control centers in 

emergency conditions, preparedness of the dispatch personnel to act in situations where 

disturbances and violations are in different control areas, automatic emergency control 

systems relieving overloads and preventing instabilities, under frequency and under voltage 

load shedding systems sufficient to prevent uncontrollable cascading, and to provide integrity 

of the automatic protection equipment, controllable system separation schemes to prevent 

widespread system failures. This requires advanced measuring and control systems, in which 

information from several areas and system conditions is integrated, protection systems able to 

detect voltage collapse in the entire system, and mandatory reliability standards. Also, it is 

necessary to provide: situation awareness tools for system operators (including real-time 

information on the forced outages, status of critical facilities, system topology, and system 

problems). This includes wide-area system visibility and state estimation (including 

information on the status of the neighboring control areas and dispatcher alarm systems), 

look-ahead vision capabilities including automatic contingency analysis cycling periodically 

every 5-15 minutes, clearly defined and robust interactions between informational, computer, 

and real-time dispatch services and personnel, and automation providing survivability of 

power plants at large power deficiencies in the system (power stations should disconnect from 

the grid earlier to go into house-load operation before a system collapse), and possibility of 

restoring voltage from these plants at system black starts. 

As it can be seen from these reasons, most of the above listed tasks are already solved (fully 

or partially) in Russia using this type of controllers. So, this type of controllers will be suitable 

for the system under study, especially that some of the proven and field-tested technical 

solutions are reported (such as system separation to prevent asynchronous regimes, Strong 

Action PSS, centralized emergency control systems, and others) would be helpful in 

developing the emergency control systems for the future power grids. At the same time, the 

Moscow 2005 blackout demonstrated that the Russian multi-layer power system protection 

mechanisms also have certain deficiencies, and even with the Russia’s long record of 

successful blackout prevention, they need further improvements due to changed environment. 

An example of such a system (thyristor excitation system) is given as shown in figure (3). 

PSS input signals are generator's voltage VG, its derivative, and its set point VG0; frequency 

ωV, its derivative, and its set point ωV0; excitation current if and its derivative. The summation 

block Σ1 amplifies and sums the input signals. The saturation blocks limit the signal 

magnitudes. The second summation block Σ2 is used to add the forced excitation signal ∆VF, 

and the excitation winding electromotive force Eqe0 determined in the original condition. 

The strong action PSS controls the excitation voltage without a dead zone with the time 

constant of 0.01-0.02 s and with the ability of increasing it by 1.6-4 times. The set point 

control using VG0 is relatively slow (with the speed of several percent per second). The forced 

excitation entry allows boosting the generator's terminal voltage rather quickly. i.e., if the 

forced excitation signal ∆VF constitutes 5-10% of VG0, the terminal voltages increases by the 

corresponding 5-10% in 0.3-0.5 s. The FE entry is used as a dynamic remedial action to 

oppose sudden declines of system voltages [7, 8]. 

PI controller does not cause offset associated with proportional control. Also, it yields much 

faster response than integral action alone, and does not have large time constants. From figure 

(3) and previous explanations, it's clear that the strong action controller can be described as a 

special modified type of PI controllers. Modifications are represented and characterized 

importantly by: it's a three steps (stages) controller (Σ1, Σ2, and X), and it's a three inputs 

controller (synchronous generator: terminal voltage, field current, and rotor speed). 

 



 

 

Cigre Egypt 2019 

 
 

 

 
 

334

 
Figure (3): Strong Action Controller 

 

4. Simulation Results and Discussions: 

 

In order to accomplish best damping characteristics for rotor speed and terminal voltage of 

this synchronous generator and to test the validity of the proposed control strategy explained 

in previous sections, a fault of 10% sudden step increase in the input mechanical torque of 

synchronous generator is supposed after 0.5 seconds and the fault is cleared after 2 seconds. 

Different signals from the synchronous generator are chosen as inputs the strong action power 

system stabilizer that attached to this synchronous generator. 

The simulation results are shown in figure (4). Figure (4-a) represents rotor speed–time curve. 

Figure (4-b) represents rotor angle–time curve. Figure (4-c) represents terminal voltage–time 

curve. In the three figures, the curve in black color represents the system when working at 

steady-state, the curve in blue color represents the system when working under fault and 

without the proposed control strategy (automatic voltage regulator (AVR) only), and the curve 

in red color represents the system when working under fault and equipped with the proposed 

control strategy. 

The synchronous generator response curves are shown in figure (4), show that the proposed 

control strategy, has high capability in improving the performance of the synchronous 

generator; for load frequency and terminal voltage. Also, it is clear that both of the transient 

and dynamic stability was enhanced which represents a new achievements of this type of 

controllers. 

Also, to validate the effectiveness of the proposed controller, the overall system is tested when 

it is disturbed with a large fault. A 3-phase solid short circuit at the terminals of synchronous 

generator occurs after 0.5 seconds. The fault cleared after 4 cycles; i.e. 0.08 second. Then, the 

system is successfully reclosed after 8 cycles. Time response of rotor speed, rotor angle and 

terminal voltage are drawn.  The responses of the system with the proposed strong action PSS 

are given in figure (5). 

All the data of the system stated in equation (2), and all the parameters of strong action power 

system stabilizer demonstrated in [7, 8, and 9]. The technique of using strong action controller 

as a power system stabilizer to a large scale synchronous generator has proved its efficiency 

in damping oscillations in the frequency and variation in the terminal voltage signals of the 

generator. Hence, better system stability is achieved. 
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(a) Rotor speed – time curve (b) Rotor angle – time curve 
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(c) Terminal voltage – time curve 

Figure (4): Power System Response to a Sudden 10% Step Increase in the Input Mechanical 

Torque 

 

  

(a) Rotor speed – time curve (b) Rotor angle – time curve 
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(c) Terminal voltage – time curve 

Figure (5): Power System Response to a Sudden 3-phase Solid Short Circuit at the Terminals 

of Synchronous Generator Occurs after 0.5 Seconds 

 

5. Conclusions: 

 

Disturbances in power systems drive large scale synchronous generator rotors to move with 

respect to their synchronous reference frame. The disturbance propagates to the entire 

network, which depends on the generator and network parameters. PSSs were used for a long 

time to dampen most types of system oscillations. PSS used in this paper is a new design 

based on strong action controllers' idea. The simulation results showed the effectiveness of the 

application of the proposed PSS in damping frequency oscillations and voltage variations. 

Although, the test power system used in the simulation is an academic regular SMIB power 

system, but it also modified by using a continuously loaded large scale synchronous generator 

instead of normal small synchronous generators. The obtained results motivate the research 

trend to examine the application of PSS controllers on practical Egyptian power system. 
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SUMMARY 

 
The paper presents the technical studies for grid connection of the planned new generating 

plant in Al Duqm Industrial area in the southern part of Oman. The maximum capacity of of 

the Al Duqm Independent Power Plant IPP) is 1200 MW and it is planned to be connected to 

the Main Interconnected Transmission System (MITS) by 2023. The main challenge of this 

connection is the location of this generation plant where it is located approximately 490 km 

from the nearest possible connection of the MITS, which therefore has major technical, 

deliverable and economic implications. Two connection viable options are proposed and 

compared in terms of cost, net present value, technical performance, deliverability, 

environmental conditions, flood risk assessment safety and compliance with the security 

standard. This paper describes the technical and economic analyses conducted to optimise the 

design of the required transmission line series compensation which will lead to fully 

dispatching the 1200 MW from Al Duqm IPP over a long distance to the MITS. Simulation 

studies using DIgSILENT software are conducted to verify the effectiveness of the selected 

connation option. The studies include steady-state and transient analyses.  
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1. INTRODUCTION 

The utilisation of series compensation on long overhead transmission lines is a traditional technique 

by which existing transmission capacities can be increased or are required to facilitate high power 

transfers over long distances [1-3]. The principal benefits provided by such technologies include 

reducing overhead line voltage drops, decreased electrical transmission distances for a given load and a 

reduction in the transmission system angle (for stability improvements). Series compensation is 

available in a variety of technology variations from fixed series capacitors, through thyristor protected 

series capacitors to thyristor controlled series capacitors. The first of these, fixed series capacitors, is the 
traditional technology variation that has been installed in numerous transmission systems worldwide to 

date while the latter two technologies represent modern techniques with increased protection and 

control capabilities. In all cases the resulting impact of the installed series capacitance is to effectively 
shorten the transmission electrical distance, which in the case of the studied Duqm to New Izki 400 kV 

transmission connection may enable the Duqm generation to remain stable following the application of 

transient system events i.e. trip of large generator, load, or critical overhead line fault.   
Oman Electricity Transmission Company (OETC) has received a connection application from the 

Oman Power and Water Procurement Company (OPWP) [4] for the connection of new clean coal fired 

generating plant in the vicinity of Al Duqm, around 440 km south of Muscat on the eastern Oman coast. 

The connection application requests an export generation connection capacity of 1,200 MW with an 

initial 60 MW demand import required by 1st June 2023 to facilitate plant start-up as the new 

generation plant is not expected to have any black-start capability. In order to meet the Transmission 
Licence Conditions 8, 23 and 26 [5] and mitigate any risk associated with non-compliance of these 

obligations, OETC has to prepare a Pre-Investment Appraisal Document (PIAD) including technical 

and economic studies to assess a number of available connection options and recommend the most 
financially and technically suitable option [6]. 

The following two principal transmission connection options are identified for the connection of the 

Duqm IPP to the MITS: 

• Option 1: 400 kV connection from the Duqm IPP site to the existing 400 kV grid station at New Izki.  

• Option 2: 400 kV connection from the Duqm IPP site to a new OETC 400 kV substation at Nahadah.  

 Following a review of the detailed performance of each option against the outlined assessment 

criteria it was found that the least cost option for connecting the proposed Duqm IPP is Option 1. This 
solution allows full evacuation of the new generation at Duqm area into the wider 400 kV network at 

New Izki.  Furthermore, the selected option aligns with the OETC master plan (2014-2030) [7]. The 

preferred option presented a lower lifetime cost (on an NPV basis), lower losses, less shunt and series 
compensations, higher technical performance and a more deliverable solution. 

The paper is organized as follows: Section 2 describes the existing transmission system in Oman. 

Section 3 provides a brief description of TSS requirement for generation connection design. Section 4 

presents Duqm coal power plant design. Section 5 presents some information about transmission line 

series compensation. Section 6 presents description and assessments of options. Section 7 provides a 

comparison of the options of connecting Duqm coal IPP to the MITS in terms of technical and 

economic studies. Section 8 summarises the main conclusions of the paper. 

 

2. SYSTEM DESCRIPTION 

The existing transmission system in northern Oman has three operating voltages, i.e. 400 kV, 220 

kV and 132 kV while in southern Oman where Dhofar area, a 132 kV is employed [8]. The two systems 

are not directly interconnected, but currently are connected via the transmission network of Petroleum 

Development of Oman (PDO). The transmission system extends across the whole of northern Oman is 

called MITS where interconnected bulky consumers and generators of electricity located in the northern 

of Oman. The proposed coal IPP plant is located around 15 km to the north of the Duqm port area 

within the northern end of the defined Special Economic Zone Authority Duqm (SEZAD) as shown in 

Figure 1. Other relevant points for information shown in the figure include Suwaihat and Barik which 

are larger demand areas within the PDO concession area and Hij / Mahoot which is a small town 
currently supplied by the Rural Areas Electricity Company (RAEC) using diesel generation. At present, 

the most southern existing OETC transmission system assets in the MITS are located in the Al 

Dakhiliah region, broadly south of Nizwa. This includes the existing 400 kV double circuit overhead 

lines that run from Ibri IPP (in the west), past Nhadah to New Izki and then on towards Sur, on the 

eastern Oman coast. Existing 132 kV transmission assets south of Nizwa are shown in red. 
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Figure 1: Location of Duqm and Southern Part of OETC Northern Transmission System 

 

At the closest direct point to the OETC transmission system, near Nhadah, the Duqm IPP is 
approximately 300 km away. In terms of potential connection points for the new Duqm coal IPP 

potential locations are at the existing 400 kV OETC grid station at New Izki as well as in the vicinity of 

Nhadah where the Ibri–New Izki 400 kV overhead lines run in close proximity. The existing loads 

within Duqm and the SEZAD area are currently provided by the RAEC distribution system from the 

Duqm Diesel Power Station (67 MW). The existing Duqm network demand supplied by the RAEC 

power station is around 40 MW. The demand is expected to increase significantly to around 156 MW 

by 2023, the requested connection date for the clean coal IPP. Thus, the actual net power export from 

the Duqm region could be usefully lower than the 1200 MW net export. 

 

3. TSS REQUIREMENT FOR GENERATION CONNECTION DESIGN 

The key requirements related to the design of generation connections are detailed in Section 4 of the 

TSS [9]. These are reproduced here in Table 1 and Table 2 for reference. Note that in relation to Table 1 

the following definitions and restrictions apply: 

• A Restricted Period Fault outage refers to the period 1st March to 30th September, effectively 

summer time peak demand for the MIS. 

• Infrequent Infeed Loss Risk (IILR) refers to the allowable level of power infeed which can be lost 

(disconnected) under specified (stretched) system operational conditions and for which system 

frequency should remain within stipulated limits. For the MITS the IILR is 1,200 MW. 

• Unacceptable voltage conditions referenced to in Table 1 can be broadly summarised as requiring 

system voltages to remain within ± 10% for 132 kV and 220 kV and ± 5% for 400 kV. 

• Reference to avoiding system instability has two specific requirements relating to: poor damping, 

whereby peak deviations in machine rotor angle and / or speed at 20 s following the transient event 
should be less than 15% of the initial value, and; pole slipping, which should be avoided. 

• GSO means a Grid System Operator – not applicable in the context of this generation connection. 

Table 1: Generation connections – Following a restricted period fault outage 

Generation connections outcomes following a restricted period fault outage at peak demand 

values 

Following any one of the following: These outcomes shall be achieved: 

1) A fault outage of a single   transmission circuit 

2) A fault outage of a single GSO connection circuit 

3) A fault outage of a single section of Busbar 

4) An unplanned outage of a single transmission 

circuit followed by a fault outage of a further 
single transmission circuit 

5) An unplanned outage of a generation circuit 

followed by a fault outage of a single transmission 
circuit 

a) No loss of supply to a grid supply point 

except as permitted in Table 5.5 of the TSS. 
b) No loss of supply from production facilities 

or GSO system greater than the Infrequent 

Infeed Loss Risk (IILR) 
c) System equipment shall be within the 

relevant technical limits 

d) No unacceptable voltage conditions 

e) No insufficient performance margins 

f) No system instability 
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• Normal Infeed Loss Risk (NILR) in Table 2 refers to the allowable level of power infeed which can 

be lost (disconnected) under specified (disturbed) system operational conditions and for which 

system frequency should remain within stipulated limits. For the MITS the NILR is 600 MW. 

 
Table 2: Generation connections – Loss of power infeed following a system outage 

Generation Connections: Intact system outcomes following a restricted period fault outage at 

peak demand  

Following the specific system outage: These outcomes shall be achieved: 

Planned outage or fault on a single transmission circuit 

planned outage of any single section of busbar on the 

MITS 

No loss of power infeed from production 

facilities 

Fault outage of any single generation circuit or single 

section of busbar 

Any loss of power infeed from production 

facilities shall not exceed the normal infeed 

loss risk (NILR) 

Fault outage of any single busbar coupler circuit-breaker 
or busbar section circuit-breaker on the MITS 

Any loss of power infeed from production 

facilities shall not exceed the infrequent 
infeed loss risk 

 

4. COAL POWER PLANT DESIGN 

 The proposed supercritical clean coal plant will be composed of two 850 MVA generators each with 
its own generator step-up transformer from 24 kV to 400 kV rated at 865 MVA. Each generator will 
have a maximum peaking generating capacity of 660 MW, although the maximum export per unit will 
be limited to 600 MW. The overall site maximum continuous power export will be limited to 1200 
MW. OPWP has also confirmed that the generating units will not have any black-start capability. 
Therefore, based on the maximum export capacities: 

• The proposed maximum generating unit export (600 MW) complies with the requirements detailed 
in TSS Table 3.3 which stipulates that the fault outage of any single generation circuit should not 
result in a NILR exceeding 600 MW. 

• The proposed maximum station export capacity (1,200 MW) complies with the requirements 

detailed in TSS Table 3.2 i.e. coincident unplanned and fault transmission circuit outages and as 

well as TSS Table 3.4 i.e. coincident planned and fault transmission circuit outages. In both cases 

the loss of power infeed must not exceed the IIRL, which is currently 1,200 MW.  

  

5. TRANSMISSION LINE SERIES COMPENSATION 

Series compensation is generally installed either at the mid-point within an overhead line section or 

with the compensation split and installed at either end of the overhead line. The latter is potentially a 
more desirable design configuration in the context of the Duqm IPP transmission connection given that 

the overhead line route options are expected to run through unpopulated and remote areas where access 

for control, operation and maintenance staff may be restricted. 
There are however some known restrictions related to the usage of series compensation with long 

transmission overhead lines. Principally these relate to the maximum compensation ratio (series 

capacitive reactance in ohm/line inductive reactance in ohm) per overhead line circuit which is 

generally accepted to be 70%, although some references cite up to 80%, but in any case beyond which 

there is the possibility of system oscillation issues including sub-synchronous resonance, control 

interactions and torsional interaction [10]. To avoid the above, placement of series compensation in 
electrically close proximity to generation plant, particularly synchronous generation, is generally best 

avoided. Series compensation employs capacitors to compensate the inductive reactance of long lines. It 

is a highly effective and economical means of improving power transfer. Suitable for both new and 
existing lines, series compensation increases power transfer capability by raising the transient stability 

limit as well as improving the voltage stability as detected in the below Figure 2. Another important 

benefit is reduced transmission losses by optimizing the sharing of active power between parallel lines.  
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Figure 2: Power transfer capability vs percentage of series installation 

6. DESCRIPTION AND ASSESSMENT OF CONNECTION OPTIONS 

Two options that have been identified technically feasible by the North-South Interconnection study 
[11], have been considered to mitigate the risks associated with non-compliance of License Conditions 
8, 23 and 26 [5].  These options are summarised as follows: 

• Option 1: 400 kV connection from the Duqm IPP o the existing 400 kV grid station at New Izki.  

• Option 2: 400 kV connection from the Duqm IPP site to a new OETC 400 kV substation at Nhadah. 
 Both options technically are feasible and are having almost similar technical performance with 
additional credit to option 1 for the N-1-1 condition performance, and then the main factor for 
comparison is the capital cost for the present. 

Option 1 – Connection to New Izki via Coastal Route 

This option would provide a connection for the Duqm IPP to the existing OETC transmission grid 

station at New Izki, via a new 400 kV double circuit overhead line of length 379 km line as shown in 

Figure 3. OETC standard 400 kV line specification (quad Yew ACSR conductor) has a line rating of 

2.56 kA per circuit (1,774 MVA) which is sufficient to allow full power export of the Duqm IPP (1,200 

MW) even during N-1 outage conditions. However, whilst a single overhead line circuit (during N-1 

outages) is conceptually sufficient to carry the full power export from the Duqm IPP, given the 
transmission distance involved (379 km) it is likely that this may present issues with maintaining 

transmission system stability following a three phase fault on the new double circuit overhead, 

particularly if such a fault occurs close to the Duqm power plant. To ascertain if this is indeed the case, 

the proposed connection option has been modelled in DIgSILENT using the existing OETC system 

models [12] and generator electrical characteristics. The results conducted for the 2024 off-peak model 

show that a three phase overhead line fault very close to the Duqm IPP 400 kV busbar, appropriately 

cleared and isolated within 100 ms, will nonetheless result in the Duqm IPP losing synchronism with 

other generating units across the Oman transmission system.  

As a further study, the total overhead line route length has been split into two distinct sections, with 
a 400 kV switching station introduced in the vicinity of Mahoot, around 166 km from Duqm. This will 

enable the double circuit line from Duqm to New Izki to be split into two sections, with each overhead 

line section being able to be isolated separately. This will mean, for example, that a fault on one Duqm 
to Mahoot overhead line section will result in the fault being cleared and the remaining Duqm to 

Mahoot line section remaining in service along with both Mahoot to New Izki overhead line sections. 

This will reduce the resultant network impedance between Duqm and New Izki post-fault and make it 

more likely that the Duqm IPP can ride through the fault event. To assess if this is the case, a further 

study has been performed with the same three phase line fault close to the Duqm IPP plant on one 

Duqm to Mahoot overhead line section, again with the fault cleared in 100 ms. The results also 

demonstrate that even with a mid-line switching station at Mahoot to sectionalise the overhead line and 

isolate the faulted line section the Duqm IPP still loses synchronism with the other generating units 

across the OETC transmission. 
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Figure 3: Option 1 - Duqm to new izki 400 kv double-circuit OHL electrical SLD 

 
 As a further study, the total overhead line route length has been split into two distinct sections, with 
a 400 kV switching station introduced in the vicinity of Mahoot, around 166 km from Duqm. This will 
enable the double circuit line from Duqm to New Izki to be split into two sections, with each overhead 
line section being able to be isolated separately. This will mean, for example, that a fault on one Duqm 
to Mahoot overhead line section will result in the fault being cleared and the remaining Duqm to 
Mahoot line section remaining in service along with both Mahoot to New Izki overhead line sections. 
This will reduce the resultant network impedance between Duqm and New Izki post-fault and make it 
more likely that the Duqm IPP can ride through the fault event. To assess if this is the case, a further 
study has been performed with the same three phase line fault close to the Duqm IPP plant on one 
Duqm to Mahoot overhead line section, again with the fault cleared in 100 ms. The results also 
demonstrate that even with a mid-line switching station at Mahoot to sectionalise the overhead line and 
isolate the faulted line section the Duqm IPP still loses synchronism with the other generating units 
across the OETC transmission. 
 The above observations relating to Duqm IPP plant stability are a result of the large transmission 
angle between the Duqm IPP generating units and the generating units across the MITS, particularly at 

Sur. This is not an entirely unexpected result given the total length of the transmission connection and 

the power transfer levels involved. However, short of splitting the overhead line into further sections in 
order to reduce the impedance impact of disconnecting an individual overhead line section, which 

would result in additional switching stations being required along the line route. An alternative solution 

is to introduce series compensation (capacitance) across the transmission line route which will have the 

impact of effectively shortening the overhead line from an electrical impedance perspective.  Details of 

series compensation schemes and the requirements in relation to this connection option are presented in 

the following sub-section. 

Option 1 – Reactive Compensation Requirements 

Taking due account of the principals outlined related to series compensation applications, the 

potential benefits that such a technology can provide in relation to the Duqm to New Izki transmission 

connection have been explored. Through iteration of the power system studies a design has been 
derived and found to maintain transient stability for the considered close-up fault event during off-peak 

system conditions. This involves the use of two series capacitors, one rated at 21 ohm (413 MVAr) to 
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be located close to New Izki grid station and the other rated at 20 ohm (393 MVAr) and located close to 

Mahoot grid station on the Duqm line side. The simulation studies performed demonstrate a satisfactory 

system performance, including meeting the transient stability criteria of the Oman TSS and avoiding 

generator pole slipping and excessive system oscillations, can be obtained with the proposed connection 

design. Note that the series compensation has been sized (rated) based on the full overhead line rated 
current 2,560 A. Placement of series capacitance close to the Duqm IPP plant has been deliberately 

avoided. 
 The outlined series capacitor values will also be required to be supplemented with shunt reactive 
compensation plant including 25 MVAr units at the Mahoot end of the Duqm overhead line (one on 
each line circuit) as well as at both ends of the Mahoot to New Izki overhead line (again on both line 
circuits). This will be sufficient to maintain system stability as well as operating voltage levels at 
desired target values i.e. 1 p.u. ±2% (±1% in most cases) for pre-fault conditions during the peak 
demand operating case in year 2024. However, as part of the shunt reactive compensation plant sizing it 
is also necessary to review other system operating conditions to confirm that this specification of 
reactive plant will continue to allow satisfactory system operation under different loading conditions. 
To this end, three further load flow studies have been performed, one using the off-peak OETC 
transmission system model for 2024 the other two a modified off-peak demand model configured such 
only one Duqm generator is operational at minimum output and the other with a Duqm load area 
demand import of 60 MW. This results in a worst case low power flow export across the Duqm to New 
Izki transmission line and therein allows identification of the greatest potential voltage rise that may 
occur as a result of the lightly loaded overhead lines. For these additional system’ study cases the 
voltage profile along the Duqm to Mahoot to New Izki overhead line varies based on the revised power 
flow export as well as system operating conditions at the point of connection (New Izki). The revised 
requirements for shunt reactive compensation plant are shown in Table 3 for all study cases, along with 
the maximum shunt compensation value identified. 

Table 3: Optimised reactive compensation plant for Duqm-New Izki double-circuit OHL – Option 1. 

 Off-Peak Min. 1 Gen Min. Dmd Peak Max. MVAr 

Duqm Generation 2 x 660 MW 240 MW 0 2 x 660 MW - 

Duqm Load 120 MW 20 MW 60 MW 120 MW - 

Net Export (Import) 1200 MW 220 MW (60 MW) 1200 MW - 

Duqm–Mahoot OHL 
     

Duqm End 2 x 25 MVAr 2 x 25 MVAr 2 x 0 MVAr 2 x 0 MVAr 2 x 25 MVAr 

Mahoot End 2 x 50 MVAr 2 x 25 MVAr 2 x 25 MVAr 2 x 25 MVAr 2 x 50 MVAr 

Series Compensation 2 x 20 ohm (393 MVAr)  

Mahoot–New Izki OHL 
     

Mahoot End 2 x 25 MVAr 2 x 25 MVAr 2 x 25 MVAr 2 x 25 MVAr 2 x 25 MVAr 

New Izki End 2 x 75 MVAr 2 x 25 MVAr 2 x 25 MVAr 2 x 25 MVAr 2 x 75 MVAr 

Series Compensation 2 x 21 ohm (413 MVAr)  

 

Note that for all study cases the previously identified capacity of series compensation plant remains 

applicable and all system configurations were found to maintain transient stability for a close-up three 
phase fault at the Duqm IPP. On the basis of the shunt compensation values identified from the studies 

and shown in Table 3, it is evident some form of variable shunt compensation device would ideally be 

installed in order to optimise the voltage profile across the Duqm to New Izki DC overhead line under 

different system operating conditions. This could include a tapped or stepped reactor or alternatively a 

Static VAr Compensator which can provide a variable shunt compensation value within a given rating. 

At present OETC has only installed fixed reactors at the end of existing 400 kV overhead lines however 
such technologies as above have been installed widely in other jurisdictions and hence do not pose a 

significant technology risk to OETC. 
If desired by OETC it would also be possible to install fixed sized shunt reactive compensation, 

whether the maximum value identified in Table 3 or another value i.e. 25 MVAr. The consequence of 
this design strategy would be a degree of variability in the Duqm IPP transmission connection voltage 
as well as potentially increased reactive power flows across the line over different system operating 
conditions. Initial review of the potential implications in system voltage under the off-peak operating 
case (both generators at full output) from using a standardised shunt reactor value (i.e. 25 MVAr) is that 
400 kV voltages across the transmission line circuit remain within acceptable limits, although there is 
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expected to be an increase to 1.03 p.u. around the middle of the overhead line. For costing purposes this 
standardised value of 25 MVAr per shunt reactor has therefore been adopted for all Option 1: 400 kV 
Duqm-New Izki line shunts, with the proposed configuration shown in Figure 4. Note that the overhead 
line voltage across the Duqm to New Izki transmission circuits could be also be managed through use of 
the Duqm IPP generators however this could impact on generator stability when consuming reactive 
power, and may also result in increased fuel costs. 

 

 

 

 

 

Figure 4: Reactive compensation requirements for Duqm to New Izki OHL (Per line circuit) 

 

Option 1 – Transient Stability Studies 

Extensive simulation studies have been conducted to evaluate the system stability when it is 

subjected to various types of faults. Sample results are presented in the following. A 3-phase short 

circuit on one of the Duqm-Mahoot 400 kV overhead line circuits, around 500 m from the Duqm IPP 

400 kV busbar. The fault is cleared in 100 ms resulting in the isolation of the faulted circuit between 

Duqm IPP and Mahoot switching station. Figure 5 shows the rotor angle responses to this fault. The 

results have shown that the system, with the reactive compensation, is stable. With no compensation, 

the system is unstable due to pole slipping. Figure 6 shows the system frequency response to tripping 

one of the Duqm IPP generating units (600 MW). The transient frequency dip is within the 49.5 Hz 
limit stipulated in the TSS, thus satisfying the NILR requirement. Other simulation studies have shown 

that the compensated system satisfy the IILR requirement when the 1200 MW Duqm IPP trips. 

 
 

 

 

 

 

 

 

 

 
 

 

 
 

 

 
 

 

 

Figure 5: Rotor angle response to a 3-phase fault cleared in 100 ms by tripping the faulted circuit of 

the Duqm IPP–Mahoot 400 kV – Option 1 

 

 

Option 2 – Connection to Nahadah via PDO Concession Area 

 
This option would provide a connection for the Duqm IPP to a new OETC 400 kV grid substation 

to be established along the existing 400 kV Ibri – New Izki double circuit overhead line in the vicinity 

of Nahadah. This is the most northern end of the PDO electricity transmission system where there is 
already a 132 kV transmission switching station. The new OETC grid substation would be located in 

close proximity to both the existing PDO Nahadah switching station and also the Ibri – New Izki 

400 kV double circuit overhead line. The Duqm IPP would be connected to the new Nahadah 400 kV 

substation via a new 400 kV double circuit overhead line of approximate length 489 km. 
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Figure 6: System frequency following trip of one Duqm generator (600 MW) - Option 1 

The new double circuit overhead line would initially be routed inland towards Suwaihat before 

turning northwards and heading towards Barik and finally Nahadah. Both Suwaihat and Barik are 

notable load centres within the PDO Concession Area and the new overhead line will be routed in close 
proximity to these locations enabling a future 400 kV grid substation to be established at these locations 

to pick-up PDO area electrical load.  

As per Option 1, this option would adopt OETC standard 400 kV line specifications (quad Yew 
ACSR conductor) with a line rating of 2.56 kA per circuit (1,774 MVA). Again this is sufficient to 

allow full power export of the Duqm IPP (1,200 MW) even during N-1 outage conditions. 

 

Option 2 – Reactive Compensation Requirements 

As Option 1 was found to require the use of series compensation at strategic locations across the 

overhead line to maintain adequate system performance, with the increased overhead line length this 

option will require even higher rated series compensation to be installed.  

The starting point for determining the series compensation requirements for Option 2 was to adopt the 

same principals as per Option 1, which is split the overhead line into two sections via a mid-point 

switching station plus install series compensation at the ends of each line section. The mid-point 

transmission line switching station could be located at Barik within the PDO Concession area, around 

210 km from Nahadah. Preliminary studies indicated that this design concept could not be adopted with 
Option 2 as the sectionalised overhead line lengths would be much greater and the required series 

compensation commensurately larger. For example, under Option 2 the first line section from Duqm to 

Barik (via Suwaihat) is around 279 km in length with the final section from Barik to Nahadah being 
around 210 km in length. As series compensation close to the Duqm IPP will also need to be avoided, 

as per Option 1, this would require all of the compensation for the Duqm to Barik line section to be 

installed close to Barik. This would require a circa 50 ohm series capacitor per line circuit (~1,000 

MVAr). Additionally, two further series capacitors (19 ohm, 374 MVAr) would also be required to be 

installed at each end of the Barik to Nahadah overhead line (on each circuit), taking the total ohm value 

of the compensation on each line circuit to 88 ohms. Based on the total reactance of the full overhead 

line (489 km, 126 ohm) this equates to a compensation ratio of 70%. From available references, it is 

evident that none of the international projects listed have compensation ratios exceeding 70%. Whilst 

there is some debate in technical literature that compensation ratios up to 80% could be adopted, this 
does present some significant technical risks with this design philosophy, particularly if the overhead 

line route had to be increased slightly or the Duqm IPP plant electrical characteristics were slightly 

different from those adopted in this study. To mitigate this risk an alternative approach has been 
adopted for the placement of the series compensation which is to install the series compensation in the 

middle of each overhead line section. Whilst this is less desirable from a serviceability and maintenance 

perspective, as the mid-point of each line section would generally be located in a largely uninhabited 

area, distributing the series capacitors along the line sections does allow them to be more closely 

matched to the underlying overhead line reactance. The final design of the series compensation 

determined through iterative study for Option 2 is shown in Figure 7.  
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Figure 7: Reactive Compensation Requirements for Duqm to Nahadah OHL (Per Line Circuit) 

 
The two series capacitors required for the Duqm to Barik line section have been placed equidistant 

along the line that is with approximately 93 km between the Duqm and Barik end of the overhead line 

and each series capacitor, with a further 93 km between the two series capacitors. The total 

compensation ratio with this design is 63%, which provides a ~10% margin in additional compensation 

that could be added if the final Duqm IPP generator and overhead line electrical characteristics are 

slightly different than assumed in this study.  

Note that some degree of variation in the series capacitor geographic spacing could also be 

considered to optimise installation locations. However, it is recommended that such a refinement is only 

pursued at the detailed design stage and after the final electrical specification has been provided for the 
Duqm IPP generators and transformers. The required shunt reactive compensation plant to maintain and 

manage system voltage levels within a notional target bandwidth of ±2% (±1% in most cases) across 

the full 489 km transmission distance are shown in Table 4 for the peak system demand case in 2024 
with full Duqm IPP export (1,200 MW). The shunt compensation requirements to maintain busbar 

voltages levels within this target bandwidth have also been determined for other system operating 

conditions, notably off-peak system demand with the full Duqm IPP output, a case with a single IPP 

generator at minimum output and also with a minimum Duqm area load connected and no generation. 

The requirements for shunt reactive compensation plant for these additional operational configurations 

are also shown in Table 4, along with the maximum shunt compensation value identified.  

Table 4: Optimised reactive compensation plant for Duqm-Nahadah double-circuit OHL – Option 2. 

 Off-Peak Min. 1 Gen Min. Dmd Peak Max. MVAr 

Duqm Generation 2 x 660 MW 240 MW 0 2 x 660 MW - 

Duqm Load 120 MW 20 MW 60 MW 120 MW - 

Net Export (Import) 1200 MW 220 MW (60 MW) 1200 MW - 

Duqm – Barik OHL:      

Duqm End 2 x 100 MVAr 2 x 100 MVAr 2 x 100 MVAr 2 x 100 MVAr 2 x 100 MVAr 

Barik End 2 x 50 MVAr 2 x 100 MVAr 2 x 75 MVAr 2 x 50 MVAr 2 x 100 MVAr 

Series Compensation 2 x (2 x 25) ohm (2 x 492 MVAr)  

Barik – Nahadah OHL:      

Barik End 2 x 50 MVAr 2 x 100 MVAr 2 x 75 MVAr 2 x 50 MVAr 2 x 100 MVAr 

Nahadah End 2 x 75 MVAr 2 x 150 MVAr 2 x 150 MVAr 2 x 50 MVAr 2 x 150 MVAr 

Series Compensation 2 x 30 ohm (590 MVAr)  

 

Note that for the off-peak study cases the previously identified capacity of series compensation 
plant from the system peak study remains applicable and the design configuration was found to 

maintain transient stability for a close-up three phase fault at the Duqm IPP be employed i.e. 

tapped/stepped reactor, or SVC. Alternatively, fixed sized shunt reactors (i.e. 75 MVAr as shown in 
Table 4) could also be employed, however as noted for Option 1 this would again sacrifice some degree 

of voltage profile optimisation across different system operating conditions. Initial review suggests the 

mid-point voltage on the Duqm to Barik overhead line section could reach 1.04 p.u. during the off-peak 

study when Duqm is operating a single generator at minimum output if using fixed sized 75 MVAr 

shunt reactors. Again, this could potentially be managed through the use of the Duqm IPP generators to 

absorb MVAr, although the same potential impacts as noted for Option 1 would also apply for Option 

2. 
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7. COMPARISON AND SELECTION OF PREFERRED OPTION  

The previous sections have detailed the specification, technical performance, economic and 

deliverability issues associated with the two principal connection options for the new Duqm IPP. The 
steady-state and transient simulation studies have been performed using an updated model based on 

DIgSILENT software. Table 5 lists a comparative summary of the performance of the two investment 

options considering the issues raised as well as the principal financial, technical performance, 

deliverability and environmental aspects. On the basis of the outlined considerations, principally the 

significant saving in estimated capital cost and realizing most of the identified benefits of North to 

South Interconnection, Option 1 has been identified as the preferred option. 

 

8. CONCLUSION 

The paper has presented the technical performance issues and reactive compensation requirements 

associated with the two principal connection options for the new Duqm IPP. From a technical 

perspective both options have demonstrated a satisfactory performance, although arguably Option 1 

provides a slightly superior performance when considered overlapping unplanned and fault outages, 

reduced losses, and better system voltage control. The compliance with TSS requirements has been 

proved by steady state and dynamic studies for both peak and off peak demand with full evacuation of 

Duqm Coal IPP power plant. The paper has also identified the size and location of the required series 

and shunt compensation. The size need to be revised again once the final generation machines 

parameters and line length is finalised as such could change the size of compensation.  
The preferred Option 1 has shown to meet the licence condition whilst providing a technically 

viable, deliverable and financially preferable solution. It consists of construction of 378 km, 400 kV 

double circuit connection from Duqm Coal IPP to the existing New Izki grid stations and two 400 kV 
grid stations at Duqm and Mahoot with an extension of the existing New Izki grid station. The NPV 

assessment of this option accounts for lifetime costs associated with losses and estimated operations and 

maintenance costs over a 40 year period. The resulting NPV of this option has been calculated and 

shown to be significantly lower than that of option 2. 
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Table 5: Comparison of options. 

 

Description 

Option 1 Option 2 

400 kV connection from the Duqm IPP to  

existing 400 kV OETC grid station at New 

Izki and 400/132kV substation at Nhadah  

400 kV connection from Duqm IPP to a new 

OETC 400/132 kV substation at Nhadah. 

Capital Cost for Duqm Coal 

IPP Connection [R.O.] 
106,186,037.20  147,057,944.29  

Capital Cost for PDO 

Nahadah Connection [R.O.]   
16,123,221.88 6,233,670.29 

NPV [R.O.] -165,663,856  -209,533,150  

Peak Losses 35.18 MW (215.7 GWh p.a.) 47.11 MW (288.9 GWh p.a.) 

T
ec

h
n
ic

al
 P

er
fo

rm
an

ce
 

Intact No Issues No Issues 

N-1 
Some issues in 2024 network model but not 
directly attributable to Duqm IPP connection 

Some issues in 2024 network model but not 
directly attributable to Duqm IPP connection 

N-1-1 

No thermal loading issues under Normal 
Dispatch. Some low busbar voltages noted 
albeit these exist without Duqm IPP. 

 

Some thermal loading issues under High 
Southern Dispatch plus low substation 
voltages in areas. Issues not directly 
attributable to Duqm IPP which has no / 
minor impact only on identified issues. 
Voltage issues largely addressed through 
generation re-dispatch. 

No thermal loading issues under most Normal 
Dispatch contingency events. Some low 
busbar voltages noted albeit exist without 
Duqm IPP. Some thermal loading issues 
under High Southern Dispatch as noted for 
Option 1. Issues largely addressed through re-
dispatch of generation. 

Loss of Nahadah to New Izki DC 400 kV line is 
critical contingency. No convergence in power 
system model. Recommend reducing 
southern generation export, including Duqm 
IPP, before Unplanned outages of this DC line 
allowed.  

Short Circuit No issues No Issues 

Stability No Issues No Issues 

Environmental 

Coastal route has known pollution and 
overhead line contamination problems 
which may affect operational performance 
and long term asset lifetime, particularly 
insulators. 

No Material Issues 

Safety 

Majority of works off-line new asset 
construction however extension of existing 
400kV GIS switchgear is required at New 
Izki grid station posing slightly higher risk 
than Option 2. Construction project 
spanning large geographic area will also 
require additional considerations / staff to 
adequately manage potential risks. 

Largely off-line asset construction within only 
minimum works to divert existing Ibri-New Izki 
400 kV DC overhead line into new Nahadah 
grid substation. Construction project spanning 
large geographic area will also require 
additional considerations / staff to adequately 
manage potential risks. 

D
el

iv
er

ab
il

it
y
 

Design / 
Specification 

Requires only two series capacitors 
(393MVAr & 413MVAr) with compensation 
ratio of 43%. Capacitor size is well within 
existing manufacturers’ ratings as is total 
compensation ratio. 

Requires three series capacitors (2 x 
492MVAr & 590 MVAr) with compensation 
ratio of 63%. Further series compensation 
plant can be deployed to accommodate 
design changes (up to 70% ratio), but less 
headroom is available than Option 1. 

Construction Obtaining consents & approvals for new 
400kV OHL between Duqm and Mahoot 
may be more challenging than PDO Area 
route. 

Longer total overhead line length than Option 
1 but route through PDO Concession Area 
and Oman interior unlikely to raise significant 
consent issues. 

L
o
n

g
 T

er
m

 D
ev

el
o
p

m
en

t Aligned With N-S 

Study? 
Not directly. N-S Interconnector could be 
developed through Duqm but would not 
allow easy access to PDO area loads. 

Fully aligned. No issues 

Additional Capex Additional capex to develop N-S 
Interconnector and facilitate PDO load area 
demand pick-up i.e. at Suwaihat & Barik 
likely to increase total capex above Option 
2. Total long term NPV could be better or 
worse depending on timing and final 
developments. 

Minimal capex required to pick-up PDO load 
area demand following project completion. 

Potentially superior long term option with 
optimal design. Will required additional cost to 
supply Mahoot through a 132kV line when 
RAEC apply for connection 

Diesel Generation 

Reduction for RAEC 

 

Will help to supply Duqm and Mahout area 

 

Will help to supply Duqum only. Will required 
additional cost to supply Mahoot through a 
132kV line when RAEC apply for connection 

Coal Fired Plant 

Development 

First phase 1200MW by 2025 (1st & 2nd 
400kV circuits connection via costal) 

Low Risk  

Second phase 1800MW by 2030 (3rd & 
4th  400kV circuits connection via PDO) 
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SUMMARY 

The major goal of this research manuscript is to estimate and evaluate the profiles of the electromagnetic 

fields adjacent and between hybrid transmission lines in Egyptian grid. Two real hybrid transmission lines 

are simulated, patterned and modeled. The first line is double-circuit configuration operating with an AC 

voltage of 220 kV and bipolar circuit with DC voltage of ±500 kV, while the second line is with flat 

configuration operating at 500 kV AC and of ±500 kV. Two reliable numerical mechanisms have been 

applied to compute the electromagnetic field profiles beside and among the presented transmission lines. 

The fist technique is the charge simulation method (CSM) for electric field while the second one is the 

current simulation technique (CST) for magnetic field calculation. 

The configuration of the first hybrid transmission line is constituting of 220 kV AC line, with number of 

sub-conductors per phase is two, the radius of a single sub-conductor is 0.0135 m, the sub-conductor 

spacing is 0.3 m, the phases heights from the ground H1, H2 and H3 are 15.7, 24.9 and 35.1 m respectively, 

where H1 is the height from ground level to the lower conductor, H2 is the height from ground surface to 

the middle conductor and H3 is the height from ground level to the upper conductor. The tower arm 

lengths B1, B2 and B3 are equal to 8.55 m. For the 500 kV DC line, the number of sub-conductors per 

phase is four, Sub-conductor cross sectional area = 775 mm2, the sub-conductor to sub-conductor spacing 

is 35 cm, the pole-to-pole spacing is equal to 31.1 meters. The height from ground level to the pole 

conductor is to be 30.2 m. The spacing S is the distance between the AC and the DC lines. 

For the second configuration, the DC line has the same dimensions as illustrated above while the AC line 

is with 500 kV and has three sub-conductor numbers per phase, the radius of sub-conductor is 0.0153 m, 

the spacings between sub-conductor, D1, D2 and D3 are 0.47, 0.45, 0.45 m respectively. The height from 

ground surface is19.1 m and the tower arm length is 12 m. 

The peak electric field values are 1.987, 2.1 and 2.2 kV/m for the first line at spacing (S) of 10, 50 and 

100 m. The corresponding values for the second line at the spacing S of 10 m are 3.3 for Ac side and 

4.8kV/m for dc side. The maximum magnetic field for the first configuration at spacing S of 10 are 4.5 µT 

for ac side, 5 µT for dc side while for S= 500 m are 6.1µT for Ac and 7µT for DC. 

KEYWORDS 

Egypt Utility, Electromagnetic Fields, HVDC Transmission, Charge Simulation Method, Hybrid 

Transmission Lines, Current Simulation technique 
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INTRODUCTION 

In recent years, the possibility for the DC and the AC transmission lines operating parallel to each 

other, having the same Right Of Way (ROW) or even the same tower has been maximized to push 

more power and improve the stability of the AC power transmission system [1 – 6]. Designing of such 
hybrid dc-ac transmission lines requires accurate calculation of the electric field underneath these 

lines, and then the corona, audible noise and field effects on human, will be taking into consideration 

[7]. As a result of the possible effects of magnetic and electric fields on human being and objects 

underneath and adjacent these lines, the research work and studies have been received an increasing 

interest in these area [8–10]. 

A detailed illustration of the electrostatic field underneath these lines has been introduced and 

presented in many researches and papers. The effect of the electric fields on transmission lines’ 

maintenance workers is an important task that electric utilities are most often need to reply to the 

potential health hazards. The long term effect of the electric fields was reported and studied in several 
organizations and countries before [11-18]. Rarely papers introduce the effect of hybrid transmission 

line on human being. 

METHODOLGY 

I. ELECTRIC FIELD CALCULATION 

The charge simulation method (CSM) for field computation in the vicinity of transmission lines was 

introduced before in prior papers [14−17]. In this method, the distributed charge on the surface of a 

voltage stressed conductor is exchanged by number n of fictitious simulation charges positioned inside 

the conductor at a radius rf which is to be a fraction of a conductor radius rc as shown in Fig. 1. To get 

the magnitudes of the simulation charges, frontier points are chosen on the conductor`s surface to 

accept the boundary conditions.. At each border point, the potential due to all the simulation charges is 
equal to the recognized conductor potential. Let, Qj is the jth fictitious charge and V is the known 

potential of the conductor. Thus, dirichlet condition at the jth boundary points is formulated as: 

V =∑
=

n

j

jij QP
1

                                                                                                                                                (1) 

Where Pij is the potential coefficient, which can be computed analytically depending on the type of 
simulation charges. Application of equation (1) is used to the n boundary points results in the 
formulation of n linear equations in n anonymous simulation charges, expressed as: 

[P]NxN [Q]N = [V]N                                                                                                                                 (2) 

The solution of equation two finds the anonymous charges. Once the anonymous charges are got, 
the field intensity values at any point beside the line conductors can be computed. While the potential is got 

by equation one, the components of electric field are computed by superposition principle of all the field 

vector components. For a system of Cartesian coordinate, the x, y components Ex and Ey are expressed 
as: 
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Where (fx)ij, (fy)ij are "coefficients of field intensity" in the x and y direction. 

 

 
 

 

Fig. 1: Charge representation for the line conductor. 
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II. CALCULATION OF MAGNETIC FIELDS [16, 18] 

Consider a single phase line of m sub-conductors, Fig. 2. Each sub-conductor current is simulated by 
a finite number n of filamentary line currents distributed on a fictitious cylindrical surface of radius Rs 
(Rs is a fraction of the sub-conductor radius R). The simulation currents ik, k = 1, 2, ---------, 2nm must 
satisfy the following conditions: 

1- Zero normal component of the magnetic field strength on the sub-conductors' surfaces. 

2- The sum of the filamentary line currents simulating the sub-conductor current must be equal 
to the sub-conductor current. 

A number (2m (n-1)) of boundary points are chosen on the sub-conductors' surfaces to satisfy the 

boundary conditions, resulting in the fallowing set of equations: 

 

 

 

 

 

 

 

Fig. 2: Single phase transmission line with m sub-conductors 
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Where Pkj is the normal magnetic field coefficient determined by the coordinates of the jth boundary 

point and the kth filamentary line current and is given by: 

kj

kj
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P

θ
π

sin
2

1
=

                                                                                                                           (7) 

where jkjkj φαθ −=
, see Fig. 3. 

 
Fig. 3:.The simulation currents locations 

The set of equations 6 and 7 are to be solved simultaneously for determining the 2nm unknown 

filamentary line currents. 

Symmetry of transmission line may be considered to reduce the number of equations and the new set of 

simulations equations takes the form 
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Where Pkj and Skj are the magnetic normal field coefficients as defined before, accounting for the 
going and return sides of the transmission line. Once the sets of equations 8 and 9 are solved for the 
unknown filamentary line currents, the deviation of the normal component of the magnetic field 
strength from the zero value is calculated at a set of check-points arbitrary chosen on the sub-
conductors' surfaces and considered as a measure of simulation accuracy. When the simulation currents 
satisfy the boundary conditions at the check-points with a considerable accuracy, the magnetic field 
could be calculated at any point in space as given by: 
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Where (x, y) and (xk ,yk ) are the calculation point and the location of the kth simulation line current 
respectively 

RESULTS AND DISCUSSIONS 

CASE STUDY 1: A HYBRID TRANSMISSION LINE WITH 220 KV AC AND ±±±±500KV DC 

The configuration of the proposed hybrid transmission line is shown in Fig. 4. For 220 kV AC line, 

the number of sub-conductors per phase is two, the radius of a single sub-conductor, rc is 0.0135 m, the 
sub-conductor spacing, D is 0.3 m, the heights H1, H2 and H3 are 15.7, 24.9 and 35.1 m respectively, 

where H1 is the height from ground level to the lower conductor, H2 is the height from ground surface 

to the middle conductor and H3 is the height from ground level to the upper conductor. The tower arm 

lengths B1, B2 and B3 are 8.55, 8.55, 8.55 m respectively. For 500 kV DC line, the detailed data of the 

line shown in table 1and the spacing S is the distance between the AC and DC lines. 

 
Fig. 4: The Hybrid Transmission Line of 220 kV AC and ±±±± 500 kV DC 

Figure 5 plots the field strength for different line heights of 10, 15.7, 20, 25 and 30 m. The maximum 
field stress values corresponding to these line heights are 2.94, 1.89, 1.488, 1.138 and 0.89 kVm-1 
respectively. It is clear that as the line height increases, the maximum field decreases significantly 
within the transmission line corridor. Outside the line corridor, it is influenced by line height in a 
completely different way. 

Figure 6 displays the electric field profile for the DC line with the data of Table 1. It is clear from Fig. 
6, that the maximum field values are decreased when the line height increase. Figure 7 shows plot of 
the electric field profile with fixed heights of the DC and AC lines and different Spacing S between 
AC and DC lines of 10, 50, 100, 300 and 500 m. From Fig. 7, the electric field is distorted when the 
spacing is decreased while the electric field is to be normal distribution as the spacing increased. 
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Table 1: The complete data of the proposed DC Line used in the research work 

Voltage Level ±500kV (bipolar Line) 

Tower Type Suspension 

Number of Circuits One  

Span 

Basic Span =400 m 

Wind Span =480 m 

Weight Span =600 m 

Sub-Conductors Parameters 

Number per Pole= 4 

Radius =0.0191 m 

Spacing 0.457 m 

Weight=2598 Kg/Km 

Type: 1590 kcmil 45/7 ACSR/AW “Lapwing” 

Optical Ground Wire Parameters Radius =0.0082 m 

Weight=758 Kg/Km 

Type: AFL- ALUMCORE AC-86/646 

Neutral wires Parameters Number per Pole= 2 

Radius =0.018125 m 

Spacing 0.457 m 

Weight=2337 Kg/Km 

Type: 1491 kcmil 45/7 ACSR/AW “Bobolink” 

Heights 

Height from Ground to Pole Conductors=30.2 m 

Height from Ground to Neutral wires =46.695 m 

Height from Ground to Optical Ground Wire =50.095m 

Clearance between Pole Conductors 31.1 m 

Clearance between Neutral Wires 9.75 m 

Insulators Length of Insulator String of Conductors=11.895m (IEC DC Fog) 

Length of Neutral String of Conductors=1.4m 

SAG 17.6 m at 85C 

 

Fig. 5: Electric field distribution at 1m height above ground surface for 220 kV TL with the line height H as a 

variable parameter. 

0

500

1000

1500

2000

2500

3000

3500

-100 -80 -60 -40 -20 0 20 40 60 80 100

E
le

ct
ri

c 
fi

e
ld

 (
V

/m
)

Distance (m)

H1=10

H1=15.7

H1=20

H1=25

H1=30



 
 

Cigre Egypt 2019 

354 

 

-6000

-4000

-2000

0

2000

4000

6000

-100 -80 -60 -40 -20 0 20 40 60 80 100

Ele
ct

ric
 F

ie
ld

 (v
/m

)

Distance (m)

h=20.2 m

h=30.2 m

h=60 m

h=116 m

h=158 m

 

Fig. 6: Electric field distributions at one meter height above ground surface for DC transmission line with 

different values of heights from ground level and pole conductors. 

 

Fig. 7: Electric field distributions at one meter height above ground surface for the hybrid line of Fig. 4 with 

different values of spacings between the AC and DC lines. 

Figure 8 shows the magnetic field profile at one meter height above the ground level for the 

22kV double circuit configuration at different line heights of 10, 15.7, 20, 25 and 30 meter. The 

maximum magnetic field for 1000 A load current is found to be about 14.3 µT corresponding to 

minimum ground clearance H1=10 m. Increasing the line height is the most effective parameter 

in line design, which reduces the maximum magnetic field at ground level and at the edge of the 
ROW. 
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Fig. 8: Magnetic field distribution at 1 m height above ground surface for the 220 kV TL with the line height H1 

as a parameter and load current of 1000 A. 

The current simulation technique (CST) is utilized to the transmission line displayed in Fig. 5, with  
the data shown in Table 1 and current of 3280 A. The magnetic field is computed at one meter above 

the ground level, with changing the height from ground surface. 
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Fig. 9: Magnetic field distributions at one meter height above ground surface for the DC line with different 

values of heights from ground level and pole conductors. 

Figure 9 plots the magnetic field profile for the Dc line with the complete data of Table 1. It is clear 

from Fig. 9, that the maximum magnetic field results are decreased when the line height increase. Note 

that most researchers and engineers aren’t compute the magnetic field of HVDC lines due to the 

negligible effect it because no change of magnetic field with time. The importance of computing 

magnetic field underneath HVDC lines is considerable when a moving object is found beside these 

lines. 

Figure 10 shows graph of the magnetic field profile with fixed heights of the DC and AC lines and 

different Spacing S between AC and DC lines of 10, 50, 100, 300 and 500 m. It is clear from Fig. 10; 
the magnetic field is distorted when the spacing is decreased while the magnetic field is to be 

normal distribution as the spacing increased 
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Fig. 10: Magnetic field distributions at one meter height above ground surface for the hybrid line of Fig. 4 

with different values of spacings between the AC and DC lines. 

CASE STUDY 2: A HYBRID TRANSMISSION LINE WITH 500 KV AC AND ±±±±500KV DC 

Figure 11 shows the configuration of the hybrid transmission line. For 500 kV AC line, The sub-

conductor numbers per phase is three, the radius of sub-conductor rc is 0.0153 m, the spacings between 
sub-conductor, D1, D2 and D3 are 0.47, 0.45, 0.45 m respectively. The height from ground surface Hac 

is19.1 m and the length B of the arm of the tower is 12 m. For the 500 kV DC line, the complete data 

of the line is tabulated as mentioned in table 1. 

 
Fig. 11: The Hybrid Transmission Line of 500 kV AC and ±±±± 500 kV DC 

Figure 12 plots the field strength for different line heights of 25, 19.1, 15, 12 and 10 m. The 

maximum field stress values corresponding to these line heights are 2.389, 3.856, 5.729, 8.016 
and 10.3 kVm-1 respectively. It is clear that as the line height increases, the maximum electric 

field decreases with a significant increase amount within the transmission line corridor. 

Figure 13 shows a graph plot of the electric field profile with fixed heights of the DC and AC lines 
and different Spacing S between AC and DC lines of 10, 50, 100, 300 and 500 m. From Fig. 13, the 

electric field is distorted when the spacing is decreased due the mutual effect between the two 

lines while the electric field is to be normal distribution as the spacing increased. 
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Fig. 12: Electric field distributions at 1m height above ground surface for the 500 kV Transmission Line of with 

the line height H as a parameter. 

 

Fig. 13: Electric field distributions at one meter height above ground surface for the hybrid line of Fig. 11 with 

different values of spacings between the AC and DC lines. 

Figure 14, plots the magnetic field for different line heights of 25, 19.1, 15, 12 and 10 m. The 

maximum magnetic field values corresponding to these line heights are 13, 20.29, 29, 39.1 and 

48.78 µT respectively. It is clear that as the line height increases, the maximum magnetic field 

decreases. The magnetic field is considerably decreased at the edge of right of way (ROW). 

While Fig. 15, shows graph of the magnetic field profile with fixed heights of the DC and AC lines 

and different Spacing S between AC and DC lines of 10, 50, 100, 300 and 500 m. It is clear from Fig. 

15; the magnetic field profile is changed when the spacing is decreased while it is to be normal 
profile as the spacing increased. 
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Fig. 14: Magnetic field distribution at 1 m height above ground surface for the 500 kV Transmission Line with 

the line height H as a parameter and load current of 2000 A. 

 

Fig. 15: Magnetic field distributions at one meter height above ground surface for the hybrid line of Fig. 11 

with different values of spacings between the AC and DC lines. 

CONCLUSIONS 

The electric and magnetic fields profile at the surface of the ground level are distorted when the 

spacing between the AC and DC lines is decreased, while the profile is to be normal distribution at one 
meter above the ground level when the spacing is increased. 

No noticeable change in the field profiles when changing the negative and positive polarity of the DC 

line adjacent the AC line. 
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SUMMARY 

 

GCCIA (Gulf Cooperation Council Interconnection Authority) is the electricity entity that 

manages the electricity network of GCC countries. GCCIA has 3x600 MW back to back (btb) 

HVDC converters which connect the 60 Hz Saudi Electric Company (SEC) region with the 

interconnected network of the 50 Hz GCCIA Member States. The purpose of this paper is to 

explain key features of the dynamic HVDC frequency converter functions in GCCIA 

particularly with regard to slow Frequency Control (FC) and fast Dynamic Reserve Power 

Share (DRPS). The paper discusses the FC augmentation of DRPS controller for the HVDC 

converters and frequency controller actions and strategies used for these applications. 

 

The assessment is to test the reliable operation of GCCIA network with HVDC in different 

fault and demand cases. The analysis will test HVDC on solving different failure challenges 

expected to occur on both sides of the conversion. Dynamic analysis with an onerous fault 

case will investigate if the HVDC assists in angular stability. The case study will compare the 

operation response of HVDC with frequency drop or rise. The PSS®E software will be used 

for modelling the HVDC equipment as part of GCCIA network. The DRPS control 

philosophy and design are explained in a previous separate paper. 
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(DRPS), Augmented Frequency Control (AFC), Power Frequency Control (PFC), Operational 

Planning (OP), Interconnector Control Center (ICC), Phasor Measurement Units (PMUs). 
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1. HVDC IN GCCA 

GCCIA network interconnects the power grids of the six GCC Member States (MSs) namely 

Bahrain, Kuwait, Oman, Qatar, Saudi Arabia, and UAE. GCCIA power network has eight, 

400 kV substations spread over the MSs. 

 

Figure 1 is the geo-graphical representation of the locations of these GCCIA substations. 

 

 
Figure 1: GCCIA Power Network Geo-graphical    Locations 

 
 

GCCIA is dealing with two control blocks namely the 60 Hz control block which involve the 

Saudi system only and the 50 Hz control block which involve all other member states. The 

Frequency control on the 50 Hz System coordinated by ICC while on the 60 Hz System it 

managed by the Saudi-Arabian TSO NG KSA. To ensure that each TSO carries its share of 

frequency regulation duties, and to ensure that all TSOs work together in the coordination of 

frequency, ICC monitors the overall system frequency. 

 

 
 

 

 

The 60 Hz control block connected with the 50 Hz control block through asynchronous mode 

with three HVDC ‘btb’ 400 kV converters which are installed at Al Fadhili substation of 

GCCIA network in KSA. 
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Each pole converter has a set of 400 kV breakers, isolators, transformers, filters, arrestors etc. 

Figure2 shows the general one line diagram of GCCIA network including the HVDC three 

poles ‘btb’ converters. 

 
Figure 2: GCCIA Power Network  

 
 
HVDC link principal aim originally was to provide fast power & thus satisfy generation 

deficiencies by Dynamic Reserve Power Sharing (DRPS); later Frequency Control (FC) 

function being added to addresses smaller deficiencies to which DRPS insensitive & over 

frequency action. DRPS will not operate for over frequency events.  

 

2. FC OPERATING CRITERIA 

    Suitable for the supplementary requirements of sharing reserve in a non-dynamic stability 

application, slower frequency changes due to relatively smaller (than DRPS invoking) 

generation deficiencies were needed to be responded to in a suitably milder manner. The 

additional frequency control allows both the 50Hz and 60Hz systems to share the Spinning 

reserve if either system goes beyond the pre-set frequency band parameters.  

An augmented frequency controller has been designed to work in conjunction with the 

existing DRPS function. This uses frequency deviation only rather than the dynamic 

frequency change derivative used by DRPS as a gating function, although all DRPS functions 

are conjointly monitored so that both modes, frequency control (FC) and dynamic reserve 

power share (DRPS) may operate together, with the latter always having operational priority. 

It should be noted that FC is coordinated with the existing DRPS function. Where both 

functions are triggered, the actual de-block time under FC may be slightly delayed due to this 

coordination, but by no more than 0.5s. The main consideration of the coordination method is 

to ensure DRPS has full opportunity to operate before FC, given its higher priority. 
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2.1 Basic FC Operation 

The system frequency varies with the power flowing through the DC link. Hence, in order to 

maintain the system frequency within acceptable limits, a frequency control function is used. 

The frequency controller converts changes in frequency into changes in power, in an attempt 

to stabilise the deviated frequency back to a set-point value. FC triggering criteria is added 

separately as a logical ‘OR’ with the existing DRPS triggering criteria. 

The measured frequency is subtracted from the reference frequency and frequency error is 

measured, Δf. For the frequency controller, Δf = f – f0, where f is the measured frequency 

and f0 is the reference frequency. 

Any variation in frequency from nominal (Δf) is recorded and when this Δf crosses a settable 

threshold (Δflimit), a timer (Td) begins as shown in Figure3. For Δf remaining outside the 

threshold and expiry of Td, the primary pole is de-blocked (to a power order of 240MW from 

zero prior power) with the deficient end. Such a de-block can cause the occurrence of a high 

artificial df/dt. 

To avoid DRPS mal-operation due to this, a hold off timer begins as soon as the pole is de- 

blocked. This is to distinguish a genuine DPRS event from a DRPS trigger due to an FC de-

block.  

After the primary pole has de-blocked, DC power is modulated by the Augmented Frequency 

Control (AFC) arm of the controller. At this stage another timer is used, called Stage 2 timer 

(TFC_S2), to decide whether to:  

1. Ramp up or down the primary pole between 240MW and 600MW as required, OR 

2. De-block the secondary pole in opposition to the primary, if the total power required is 

less than 240MW OR 

3. De-block the secondary pole in the same direction as the primary, if the power required is 

greater than 600MW 

 

An operation timer (TFC_OP) is used to allow the frequency to return within its frequency 

tolerance or dead band (of ±0.01Hz). The operation timer begins at the end of the stage 2 

timer.  

If the frequency enters the tolerance before the expiry of the operation timer, a steady state 

timer begins, for which the frequency has to remain in the tolerance band for 15 seconds to 

signal steady state. Once steady state is indicated, FC is reset automatically and that FC power 

order will be maintained under Economic Transfer (ET). 

Reset timer is protecting the FC to be invoked for scenario where operating point do not 

return to FT band after the expiry of TFC_Op.  As soon as, FC_Reset timer will start the 

facility will be transfer to ET mode. Here Reset timer will prevent FC to invoke and allow the 

governors to bring frequency back to normal. However the default value is proposed to be 30 

sec which is supported by GCCIA primary reserve full utilization time. Also this is the 

maximum time after which secondary response through AGC starts frequency correction. 

 

2.1.1     Masking and Hold-off Timers  

Masking Timer prevent DRPS trigger, while FC has already deblocked for over frequency 

scenario, and as a result of this deblock a -df/dt occurring shall be considered as not a 

genuine deficiency event and should therefore be ignored, through "Masking Timer". A 

250ms mask is introduced, starting from the instant of FC de-block (in over frequency and 
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under frequency operations), to avoid false DRPS triggering due to FC de-block. If df/dt is 

observed after this masking time and absolute AFD (deltaAFD) is greater than 240MW for 

0.5s then switch to PFC Arm. 

 

Hold-off timers are used for fault scenarios to avoid unnecessary FC/DRPS operation. The 

hold-off time is set to 2s for both 50Hz and 60Hz sides with fault voltage level 0.85 p.u. 

After the hold-off period, the DC scheme will operate as normal for subsequent FC/DRPS 

events. 

 

 
Figure 3: Frequency plot indicating principle operation of FC 

2.2  Indication of steady state  

Steady state, in FC mode, is defined as the frequency entering the frequency tolerance and 

remaining within these limits for a certain period of time. Steady state can be signaled 

before expiry of or during the normal operation timer (default set to 5 minutes) or after the 

extended operation timer. An extended op timer begins at the end of the normal operation 

timer and lasts for a maximum of a further 5 minutes, to allow for the frequency to return 

within its tolerance or dead band by system governor etc. actions. If steady state cannot be 

signaled, a reset timer is initiated thus allowing the speed governors time to act and bring 

the frequency back within the tolerance band. No FC action is to be invoked during this reset 

timer. 

 

Steady State in DRPS mode is signaled by a running |df/dt| not exceeding 0.01Hz/sec over a 15 

second window. All parameters (including those for FC) are re-set upon DRPS steady state 

achievement. 

2.3 Over frequency actions  

The new frequency control also has provisions to correct over frequency by supplying power 

from the affected end in a controlled manner. For over-frequency, positive Δf will be used 

making it unique and thus separating it from DRPS operation. 

The operating principle, for an over frequency event, is the same as for an under frequency 

event. The only difference is the side with the over frequency becomes the donor (rectifier) 

and the other side becomes the recipient (inverter). No DRPS action is to be invoked for an 
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over frequency event, unless a second severe event occurs causing a large negative df/dt with 

Δf also being negative. Following figure shows FC in over-frequency operation 

 

2.4 Frequency controller guard  

Once operating in FC, subsequent FC events on either side will be ignored. However, if 

power is being transferred from side A to side B as a result of an over-frequency on side A, it 

is required to guard against over frequency on the recipient side. A frequency guard is a limit 

at which point the transfer of power is curtailed to stop the frequency reducing or increasing 

further for an under frequency and an over frequency event respectively, at the donor side. 

Frequency guard operates for both under frequency as well as over frequency. When the 

recipient side reaches steady state, FC is then deactivated by automatic and no further FC 

actions are invoked on either side for 5 minutes.  

The guard is designed in the same way for over-frequency as it is for under-frequency and 

only operates when the other side is active i.e de-blocked. 

        
Guard activated on side B due to under frequency                                 Guard activated on side B due to over frequency 

2.5 Stretch Time  

With FC added, triggering of either DRPS or FC for a given event may arise but DRPS 

should have priority. FC takes note of what the DRPS triggering is doing and is made to act. 

There may often be situations when FC is triggered just before, alongside or just after a df/dt 

DRPS trigger. In such a case, to uphold the priority of DRPS operation, it will be necessary 

to withhold (delay) any prospective FC de-block and give the scheme enough chance (time) 

to de-block in DRPS mode if so warranted. This is achieved by applying an extension to the 

validity of DRPS observation time, starting from the instant of df/dt reset. Such an extension 

is called “stretch time”.  

Independent stretch timers are to be observed simultaneously on both sides A and B, 

however only one application of stretch shall be active at any one time. Following figure 

explains one scenario of Stretch Time 
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2.6 Faults  

No DRPS and FC action is to be invoked for fault events. However, DRPS and FC may be 

triggered but not acted upon for a certain time period known as the ‘Fault Timer’. To 

distinguish faults from genuine FC and DRPS events, the AC converter bus voltage is 

monitored as well as the frequency deviation. For faults, frequency generally rises AND 

voltage tends to fall. A fault timer is introduced to hold off time, any FC and DRPS de-block 

due to faults on the line. 
 

If the frequency deviation is positive AND the AC voltage falls below 0.85pu for 50ms then 

this is an authentic fault event. The fault timer has default values of 2s for both 50Hz sides 

and 60Hz side.  
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2.7 Frequency control with prior EPD or event on other side  

If one or more poles are already deblocked and transmitting power upon detection of a 

DRPS/FC event, the control system shall bypass stage 1 and proceed to stage 2 by adding 

ΔPFC/ΔFC to the power demand. If the deficiency is at the prior inverter end of DC power 

transfer, there is no need to do anything other than rely simply on the frequency directed DC 

power control to increase DC power delivery as necessary.  
 

If however deficiency occurs at the prior rectifier end in EPD, then runback the DC power to 

the minimum (240MW for one pole) and de-block the secondary pole to 120MW in 

opposition, if necessary. 

 

2.8 FC/DRPS co-ordinated controller functions not invoking stretch time  

2.8.1 DRPS triggered due to 2nd event while operating in FC 

If the frequency crosses the Δflimit, FC is triggered. After expiry of Td, the primary pole is 

de-blocked in FC mode and if thereafter, due to a 2nd event, DRPS is detected (df/dt 

transgression and AFD > 240MW for 0.5s) then switch to 2nd stage of DRPS and operate in 

DRPS mode, stage 2. The switch to DRPS means changing from the FC ‘Arm’ of the 

controller to the DRPS ‘Arm’ (FC to PFC). The following figure explains the scenario.  
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2.8.2  FC detected but not yet de-blocked (due to large Td setting), DRPS detected 

thereafter 

If the frequency crosses the Δflimit, FC is triggered. Due to a large Td setting, FC does not 

de-block and in that time period of Td, DRPS is detected (high df/dt and AFD >240MW for 

0.5s); then switch to stage1 of DRPS and de-block under DRPS mode of operation. The 

following figure explains the scenario. 

 

 

 

 

 

2.8.3  FC and DRPS occurring at different points for a single event 

For cases when Δf and df/dt transgress virtually ‘simultaneously’ for a single event, DRPS has 

priority. Thereafter if FC criteria is met (Δf>Δflimit for Td) de-block under FC mode of 

operation. If after the de-block AFD>240MW for 0.5s then operate in stage 2 of DRPS. 



 

 

 

Cigre Egypt 2019 

369 

 

2.8.4  Second DRPS event detected on Side B while FC is active on Side A 

If FC has activated on Side A and thereafter a second DRPS event occurs on Side B, the poles 

will run back the power being transferred to Side A and switch the power transfer to support 

the DRPS event on side B. This is co-ordinated with Stage 2 timer requirements. 

 

 

 

 

2.8.5  Second (simultaneous) deficiency event 

If operating in DRPS and the second event is a DRPS event (on either side), then nothing 

further is done until the first DRPS event is satisfied. 

 

If operating in FC and the second event is also an FC event (on either side), then ignore any 

second event. If FC has not de-blocked on one side when a second FC event has triggered on 

the other side then de-block, under FC mode of operation, on the side which first fulfils its 

criteria. 

 

If operating in FC and the second event is a DRPS event on either side, then since DRPS has 

priority, switch from the lower overall gain FC ‘arm’ to higher overall gain the PFC ‘arm’ of 

the controller.  
 

2.8.6 DRPS detected BEFORE FC de-blocks in over frequency mode of operation 

If the frequency transgresses the Δflimit, but not for the time Td and thereafter a high –df/dt 

occurs and the DRPS criterion is fulfilled, then de-block under DRPS. De-block in DRPS only 

if Δf is negative AND df/dt is negative. This is a genuine DRPS de-block rather than one 

falsely signaled due to prior FC over-frequency de-DRPS detected AFTER FC de-blocks in 

over frequency mode of operation 



 

 

 

Cigre Egypt 2019 

370 

 

 

 

If the frequency crosses the Δf limit, FC is triggered. After expiry of Td, the primary pole is 

de-blocked in FC mode. A masking time begins to authenticate an actual DRPS event from a 

high df/dt caused by an FC de-block. If after the masking time, DRPS is detected (df/dt 

transgression and AFD > 240MW for 0.5s) then switch to 2nd stage of DRPS and operate in 

DRPS mode, stage 2. 

3. SUMMARY OF RESULTS  

To show FC operation, one DPS case is given below with comparable PSS/E plots. This is 

only an example given with this paper, to show the dynamic workability of the designed dual 

controlled DC system. The case (A15) simulates a deficit in Kuwait region which invokes FC 

operation only. Favorably comparable response is seen between the off-line (PSSE) plots and 

the on-line (RTDS) plots in Figures 4 and 5 (the time axis is 15 seconds on both sets of plots). 
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     Figure 4: PSSE plot for DPS case A15 

 

 

 
    Figure 5: RTDS plot for DPS case A15 

 

The time axis is 15 seconds on both sets of plots 

 

From the above plots (RTDS and PSSE) it can be seen that the total power is approximately 

the same, around 300MW. There is a 0.6 seconds delay in RTDS as compared with PSSE. 

PSSE has a standard 0.4 seconds delay whereas RTDS has 0.8 seconds delay.  
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4. CONCLUSIONS 

A slower Frequency Control (FC) has been designed and  validated through PSSE studies, to 

operate in conjunction with the faster Dynamic Reserve Power Share (DRPS) DC controller 

for the DC link at Al-Fadhili, connecting the 60Hz SEC region with the 50Hz GCCIA 

regional systems. The various key design features have been shown in this paper.  

The DRPS has been designed to ensure that the HVDC link can respond rapidly to critical loss 

of generation in any of the inter-linked power systems, in order to maintain the overall system 

stability. Further HVDC facility has been enhanced and optimized by introducing FC 

triggering criteria that enabled primary reserve sharing between the 50 Hz and the 60 Hz 

systems.  

Maximum transfer level of 1320MW has been proven across the GCCIA HVDC link from the 

60 to 50HZ side and 820MW has been transferred in the reverse direction. The voltage 

regulation has been enhanced by using Voltage Control Modes through varying the firing 

angles. 

FC & DRPS Guard limits are 0.25 & 0.3 (49.75/59.70) for 50 &60 Hz sides respectively 

which will insure that donor side frequency will not go below this frequency in case of DRPS 

& under frequency FC and it will not exceed in case of over frequency FC. 

 

The DC scheme so designed enables smaller generation deficiencies being supplied 

appropriately by the donor system via the DC link suitable for FC operation, without 

incurring large emergency support suitable for DRPS operation. 
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SUMMARY 

 
The development of the HVDC technology has increased power levels, enhanced control and system 
robustness against disturbances, demonstrating this in a number of HVDC projects worldwide. This paper 
describe the key features and benefits of current state of the art solutions.  
Enhancement to voltage levels beyond + 500 kV and power rating with a range 2-3 GW jointed with a 
robust technology enables the use of the VSC HVDC technology to solve transmissions system challenges 
in key areas today and in the future. 
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1. Introduction 

 
The growing electricity market has driven the development of power transmission systems towards 
more efficient technologies of high voltage direct current (HVDC) during the past decades. The 
development of the HVDC technology has increased the power levels, enhanced control and system 
robustness against disturbances, demonstrating this in a number of HVDC projects worldwide. This 
development during the last 20 years have enabled the VSC HVDC solutions to be an important 
integrated part of the toolbox that the transmission system operators can use to solve their challenges. 
   
The voltage-source converters (VSC) became commercialized in 1997 by ABB in the Hellsjön project. 
Based on generated voltage level, VSCs are categorized in two, three and multi-level schemes. The 
main driving force from few-level to multi-level VSC is the generated power loss, station footprint and 
advanced controllability. The trend from few-level to multi-level converters has influenced the 
equipment stresses and driven new development path for all building blocks in HVDC systems. 
Moreover, the plant design is also facing new challenges for more compactness and modularity to handle 
space limitation and seismic requirements. 
Aforementioned challenges are addressed in this paper by introducing the recent developments on 
HVDC system and components i.e. semiconductor, control platform and plant design. An evolutionary 
improvement in semiconductor devices is achieved via bi-mode insulated gate transistor (BIGT). The 
BIGT enhances the silicon area usage by integrating the IGBT and diode chips and provides greater 
performance in comparison to IGBTs e.g. lower losses and higher power density. Moreover, a reliable, 
fast and robust control platform is adopted to fully utilize the modular multi-level design of the 
converter. Key features of this platform are discussed in this paper with focus on high-speed 
communication, high-performance multi-core processors and distributed input/outputs (I/O).  
 
Eventually, an efficient plant design, covering different structures, is analyzed and presented in this 
paper. In order to cover all possible plant requirement, both hanging structure and standing structure is 
developed for different cell configuration. The seismic tests shows the sustainable design of converter 
structure over long term operation. 
 

2. VSC HVDC System Layout and features 
 
The foremost goal of an HVDC Transmission is to transmit electric energy in the most cost effective 
way for the customer over the complete life cycle of the project. The system layout can be divided in 
applications and converter configurations. The applications, depicted in figure 1 below, which have 
proven to add a big value to the industry is; Interconnectors between asynchronous AC-grids, 
connecting remote/offshore generation, dc-links in ac-grids and BtB.  

 

 
Figure 1 Key application for HVDC Transmission 
 

Many of the technical building blocks will be shared among all applications. The major main circuit 
components will be similar in all application and a simplified single line diagram (SLD) shown in figure 
2. The interface points to the ac-grids (PCC, point-of-common-coupling) define the HVDC system 
requirements on active power, reactive power rating, ac-voltage variations, low and high voltage ride 
through and additional axillary services. 
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Figure 2 Typical simplified single line diagram 
 
Recent development has mainly involved to prove that the VSC HVDC technology industry can 
supply this technology in a reliable manner in customer projects. The important parts are the 
following: 
  

• Select a solution with features that solves application challenges 
• Utilize solutions pre-designed to ensure robust and fast project execution 
• Select solutions with proven high availability and low losses 

 
The first point is handled through the selection of converter configuration, active and reactive power 
level requirements (P, Q rating of the converter), DC voltage level as well as what control functions that 
should be implemented in the design. Figure 3(a) below shows the possible power rating for the latest 
generations of VSC HVDC Converters. The grey area show that evolution of the converters have now 
reach a power rating enabling them to be uses for connecting remote generation of large scales. This has 
for many years been dominated by line commutated converter (LCC) but can now be realized with VSC 
converters giving advantages and improved system features. The increase has been supported by the 
development of the semiconductors as well as development of the high voltage valves of Modular 
Multilevel Converter (MMC) designed that will be described closer in section 3 below. In figure 3(b) 
the combined active and reactive power capability is shown for a typical VSC Converter station. The 
demand on active and reactive power capability at different ac-voltage condition is vital for the 
performance during steady state and dynamic conditions, resulting in input on the main circuit 
equipment for the converter station. 

 

 
Figure 3 (a) Power ratings of ABBs VSC HVDC  (b) Typical PQ diagram for a 700 MW solution 
 

The second point above is important when the desktop design and dimensioning of all main circuit 
apparatus, valves, control and protection and civil design is done. The utilization of proven solutions 
from HVDC manufactures is key for a robust and fast project execution. This involves selection of the 
appropriate ac-equipment such as breakers, transformers, reactors, voltage and current transducers as 
examples. The performance of the complete HVDC system rely on that the solution is optimized for 
design targets in terms of features described earlier in this section but also that it can meet the 
requirements of the third bullet above.  
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The losses and availability of the HVDC system is vital for the performance. In figure 4 below are the 
evolution of the converter station losses since first launched in the end of 1990 until todays shown as 
well as the recorded availability in a number of reference project under the warranty period. 

 

   
Figure 4 (a) HVDC Converter Station Losses     (b) Energy Availibility of VSC HVDC projects 

 
The losses have in recent years reach levels for the VSC HVDC systems that is approaching the level of 
the LCC HVDC were state of the art, as shown in figure 4(a). This has been achieve through the use of 
more effective and high voltage semiconductors as well as the development of converter topologies and 
switching patterns that continouously has reduced losses in each step of the evolution. Today a typical 
figure can be 0.8 % or below depending on the loss optimization. 
 
The energy availablity state a quality mark of the HVDC system. If designed properly the system will 
achieve availibilty figure in in the range of 98 % or above. Quality of equipment but also design of 
redundant system, spare part strategy and well planned maintenances are factors that enables high 
availibility and this has been proven in a number of the VSC HVDC projects that are currently in 
operation. Figure 4(b) display the result for part of ABBs installed fleet of VSC projects. 

 
3. VSC HVDC Converter valve solution 

 
The key part of the VSC HVDC Converter is the converter valve. This key component has been under 
continuous development under 20+ years. The latest development step was launched during 2016 and 
are currently under construction in the first commercial projects. The solution used are a Modular Multi-
level Converter (MMC) that utilizes a Bimode Insulated Gate Transistor (BIGT) [1]. The semiconductor 
is developed to fulfill the design properties for solutions up to 3 kA current rating. The StakPak 
component shown in figure 5 is used to enable the high availability that is inherent in this packaging that 
has been proven in high power applications for many years. 
 

 
Figure 5                     BIGT StakPak (5.2 kV, 3 kA) designed for HVDC transmission 
 

The converter cell is design as a half-bridge cell consisting of two components, cell capacitor, gate 
electronics and a bypass switch. The electric schematic of one cell and a picture of four cells in one 
valves are shown in figure 6. The design focus on robust operation that enables low losses, high current 
ratings and long maintenance intervals. 
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Figure 6    (a) Half Bridge Converter Cells    (b) HalfBridge schematic 
 

One of the most important steps in the design are the testing that is carried. Electrical operational test as 
well as dielectric test of the valve structures has been carried out to prove the technologies robustness. 
The are carried out according to the IEC standards that are established for HVDC valves. The design is 
ready for solution to +/- 640 kV while +/- 500 kV are under construction. The operational test shown in 
figure 7(a) demonstrate at rated condition (voltage and current) for each tested cells, while the dielectric 
test (shown in figure 7(b)) qualifies the valve structures dielectric withstand capability. 

 

             
Figure 7    (a) Operational test setup     (b) Dielectric test 
 

The converter valves are designed according to need to enable different converter topologies such as 
symmetrical monopole, asymmetrical monopoles or bipole configurations. Description of these 
configurations can be found in many places in the literature while there is project implementations with 
VSC converters existing in projects today. The latest step of the technology is now ready to be used. 

 
 
4. Control design 

 
The control and protection system for the HVDC Converter is a dedicated proprietary system that are 
used by ABB for all HVDC systems. It includes a completes a unique features using the same control 
code from the models used in planning studies (RMS and EMTP), dynamic performance studies (EMTP 
type), factory system test and then in the real target system at site. This guarantee an unbroken chain of 
quality that results in a short and predictable time schedule for the commissioning and trail operation.  
 
The basic control functions such as active and reactive control are often enhanced with a number of 
auxiliary functions such as voltage and frequency control, emergency run backs and special protection 
schemes. Even Black Start and Power Oscillation Damping controllers can be added if the application 
demands this. 
All the features briefly mentioned in this section 4 has been implemented and are running in commercial 
projects, giving the industry access to this toolbox. 
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5. Plant design 

 
The plant design focus on optimizing the use of land by making as small physical footprint smaller to 
enhance the power per area. This development has led to a ‘base solution’ that is presented as a first 
alternative with a 20 % reduced physical footprint compared to earlier versions. The main advancement 
is done through decreasing the size of the converter hall that further decreases the visual impact of the 
stations.  
   

  
Figure 8    (a) Artistic physical view                  (b)  Sound mapping 
 

Another key features is to model and prove that the sound emission of the system are well within the 
customer requirements. This is simulated during the design phase and proven during operation in the 
execution phase. Early involvement of the vendors can give a smoother permitting process, faster project 
execution and a robust time schedule for the project.  

 
6. Project examples 

 
The Maritime Link project, a 500 MW bi-pole projects involving overhead line and cables, has been 
reported earlier [2] showing how a VSC HVDC Transmission can help to increase the grid resilience 
for a demanding transmission system. The combination of technical merits and well-designed special 
protection schemes are proven very valuable. 
 
A valuable black-start feature in the Skagerak 4 project were reported in [3] were this feature as well 
as the operation of VSC and LCC are demonstrated to enhance the reliability in the transmission grid 
in Norway and Denmark. 
 

 
7. Conclusions 
 

The HVDC transmission technology built on the VSC technology has developed rapidly the last twenty 
years.  
Today the power ratings have reached level so that this technology can be used in most cases. The losses 
has been reduced to a level close to LCC type of HVDC so this is not a negative factor in the technology 
anymore. 
 
The proven reliability of the complete HVDC VSC system, grid performance and project realization has 
developed to become cornerstones in enabling this solutions as a key tool in the future development of 
our transmission systems. 
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 SUMMARY 

In this paper EMF around Extra High Voltage Over Head Transmission Line (EHV-

OHTL) at designated maximum loading has been simulated and calculated, specific 

locations of line men during EHV-OHTL live maintenance and inspection has been 

selected, electric and magnetic fields at these locations has been calculated by using  

EMF calculator , which has been built in this study by using MATLAB Graphics, 

based on Charge Simulation Method and Biot Savart  Method. 

 the obtained  EMF values  has been evaluated based on the allowable occupational  

exposure limit decided by International Commission of Non- Ionizing Radiation 

Protection (ICNIRP)  the National Health and Medical Research Council of Australia 

(NHMRC), Institute of Electrical and Electronic Engineers (IEEE) and the American 

Conference of Governmental Industrial Hygienists (ACGIH). 

 

KEYWORDS  

 Extremely low frequency, Electric field, Magnetic field, Charge Simulation Method, 

Biot Savart Method, Line men, EMF, Live line maintenance. 

 

I. INTRODUCTION 

in the past years Saudi Electricity Company (SEC)  has started live line working on 

overhead transmission line to maintain the continuity of the power supply. 

Transmission line  patrolling, inspection and maintenance are the daily activities of 

line men in the power grid which is consist of high voltage and extra high voltage 

transmission lines with the total length of 70,327 circuit-km (km) [1]. There is a 

growing concern among workers regarding possible health hazards due to their 

exposure to Extremely Low Frequency- electric and magnetic Fields (ELF-EMF) 

produced by high voltage and extra high voltage (50-60Hz) transmission lines, 

Limited knowledge and information available for live-line workers tends to magnify 

intensively the risk of exposure to extremely low frequency fields [2]. 

The health effects (if any) of exposure to ELF will be dependent upon: the strength of 

the electric magnetic field at the source: the distance from the source: and the duration 

of exposure. Despite the very low levels normally encountered in everyday activities, 

exposure to ELFs remains a source of public debate [3] 

There has been considerable interest and controversial In the last twenty years, a great 

number of experiments debate in recent years concerning the bio effects of ELF-EMF 

have been performed in laboratories world-wide [4]. Many publications and standard  

has been issued determining the safe exposure limit to EMF for occupational as well 
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as public, the most important organizations that have contributed to the establishment 

of these standards and guidelines are the Institute of Electronic and Electrical 

Engineers (IEEE) [5], and the International Commission on Non-Ionizing Radiation 

Protection (ICNIRP) [6]. There are other organizations such as the American 

Conference of Governmental Industrial Hygienists (ACGIH) [7], the National Health 

and Medical Research Council of Australia (NHMRC) [8] and the National 

Radiological Protection Board (NRPB) that have major contribution [9-10]. There are 

many government agencies and organizations that have published articled in this 

subject [11]. Electric and magnetic fields in the boundary of  right of way (R.O.W) of 

SEC 380kV overhead transmission lines and its effect on public has been studied 

before [12] and  recently there is pressing need to evaluate these fields inside the 

R.O.W.   

 

II. THE STUDY OBJECTIVES 

Our objective in this study is to evaluate electric and magnetic fields inside the ROW 

of EHV 380kV OHTL  in KSA for selected positions where line men can take place 

during live line maintenance, live line patrolling and inspection as seen in 

APPENDIX 1. The evaluation is based on the maximum recommended values set by 

different international standards and organizations, for occupational exposure limit 

and the maximum time for exposure during the working day. 

 

III. METHODS AND TOOLS 

To achieve the above objectives simulation and calculation of both electric and 

magnetic fields was done by using EMF calculator which has been designed here by 

using MTLAB Graphics programing language. EMF calculator has been built based 

on the electric field theory where Charge Simulation Method is being used and 

magnetic field theory where Biot Savart Method has been adopted.  

 

i. EMF Calculator 

 is MATLAB graphical user interphase based program, the program has been 

developed so as to simulate and calculate electric and magnetic fields in different 

locations around the transmission line with different tower configurations and circuits 

APPENDIX 2  show the program  interphase screen. 

 

ii. Charge Simulation Method (CSM) 

 It is a numerical method used for calculating electric field, This method works by 

replacing the distributed charge of conductors as well as the polarization charge of 

conductors as well as the polarization charges on the dielectric interfaces by a large 

number of fictitious discrete charges[13]. In this approach two dimensional (CSM) is 

used for calculating electric field which is consist of two stages:  (l) calculation of the 

equivalent charges per unit length of conductor and (2) calculation of the electric field 

produced by these charges A detailed treatment of the calculations is given in [14] and 

summarized here. The general relationship used to calculate the charges on a multi 

conductor system is presented in matrix form under equation (l). 

 ���� � �����	�
��  and ���� � �����	�
��                                    (1) 
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Where: ���� , ����    = array of the real and imaginary line charges (coulomb/meter). 

�
�� �
��       = array of the real and imaginary conductor voltage (volt). ��� Array of the Maxwell potential coefficients (meter/farad) 

 

A set of image conductors is used with charges opposite to those of the transmission 

line. The actual conductors and their images are characterized by real and imaginary 

voltages and diameters. Overhead shield wires are also included in this method (and 

assumed to be at zero potential). For bundled conductors, a single conductor with an 

equivalent diameter is used, on the basis of the following formula: 

			�
� 		=		��.�����
�

 ;     ��  = 
������ �⁄ �         (2) 

Where: ��   =  Bundle diameter m �     = Number of sub-conductor  �     = Diameter of the sub-conductor  �      = Spacing between the sub-conductors 

 

The self and mutual Maxwell potential coefficients are calculated for the conductor 

system on the basis of line geometry and conductor diameter using the following 

equations: 

  ���  =  
� �! 	 "� #$%&�& '                 (3) 

��(	  = 
� �! 	ln	#+,&-+&- '                  (4) 

 

Where: ���     = Self-potential coefficient of conductor k. ��(      = Mutual potential coefficient. ��       = Diameter of conductor k (m). .�       = Height above ground of conductor k (m). /�(      = Distance between conductor k and conductor l (m) /′�(     = Distance between conductor k and the image of conductor l (m) 1         = 8.854 × 10^-12 (F/m) 

 

The magnitude of vertical and horizontal components of the electric field at point M 

caused by the charges on conductor k, are given by equations (5) and (6). 

 

Ê�3	=				�45&67Ǭ5&� � . : ;<&;=<&6�%&�%<�= 		> 	 ;<&;²<&6�%&6%<�²@                 (5)                                        

 

Ê�A	=					�45&674B&� �! .		: %<�%C;=<&6�%&�%<�= 	> 		 %<6%&;=<&6�%&6%<�@                (6)                                         

 

Where: DEF = Horizontal distance from conductor k to point M (m) .E = Height above ground of point M (m) 
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The rms value of electric field at point M, given by equation (7). 

G�H� 	� I�∑ G�3�K�L� � M �∑ G�3�K�L� � M
N∑ G�A�K�L� O M N∑ G�A�K�L� O                           (7) 

Where: 

 

N = Number of phases of shield wires 

iii. Biot Savart Method 

Biot Savart Method is the ideal method in obtaining magnetic field. The basic 

equation in calculating the magnetic field of a long, straight wire is derived from 

Ampere's Law and given in equation (8). 

 P� �  Q&R&<																            (8) 

Where: P� = Magnetic field at point M produced by conductor k (Mg) S� = Current at conductor k (Ampere) T�E = Distance between conductor k and point M (m) 

 

The magnitude of the horizontal and vertical components of the magnetic field at 

point M caused by the current on conductor k, are given by equations (9) and (10). 

 PU�3 � 2�î�� M Xî���. : ;<�;&�;<�;&�=6�%<�%&�=@                              (9) 

 PU�A � 2�î�� M Xî���. : %<�%&�;<�;&�=6�%<�%&�=@                             (10) 

 

Where: DE = Lateral distance of point M (m) D� = Lateral distance of conductor k (m) 

 

The rms  value of magnetic field at point M, given by equation (11) 

 

P�H� � I�∑ P�3�K�L� � M �∑ P�3�K�L� � M
N∑ P�A�K�L� O M N∑ P�A�K�L� O                               (11) 

 

iv. System input data 

The main input data being used for simulating the electric and magnetic fields at 

tower and mid span are: tower dimensions, conductor positions at tower and mid span 

and conductor data, this clearly shown in Figure 1 and table I. For calculating the 

electric and magnetic fields inside the ROW, a fourteen (14) scenarios has been 

selected,  these scenarios cover most of the expected locations  that Line workers can 

take during live line inspection and maintenance and it being presented in (x, y) 
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coordinates for easiest understanding and to suit with the program requirements, these 

coordinates are approximately for line worker head to see the effect on his brain,  this 

is clearly shown in Table II. 

Table I: 380kV transmission line data 

 

Nominal Line voltage (kV) 

 

380 

Number of circuits 2 

Number of shield wire 2 

Conductor type ACSR/AW Condor 

Max Current per phase (A) 2600 

Conductor per phase 4 

Bundle spacing(mm) 450 

Diameter of conductor (mm) 27.73 

Diameter of shield wire (mm) 17 

Phase sequence RYB-BYR 

Table II: Linemen positions in (x, y) coordinates 

Line man no X –coordinates (m) Y –coordinates (m) 

1 7.5 50.2 

2 7.7 39.2 

3 7.9 28.2 

4 17.6 1.7 

5 7.6 1.7 

6 0 27.9 

7 1.1 53.6 

8 1.3 42.6 

9 1.5 32.6 

10 1.8 24.6 

11 12.6 4 

12 7.6 1.7 
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13 7.9 10.3 

14 7.6 4 

 

 

 

 
Figure 1:Tower dimensions and conductor positions 

 

 

IV. RESULTS DISCUSSION AND ANALYSIS 

The simulation results of electric and magnetic fields are shown in Figures 2 to 5. 

Figure 2 &3 show the strength of electric field around the tower and at mid-span 

respectively while Figure 4 and 5 show  the density of magnetic field, around the 

tower and at mid-span respectively. The calculated values of electric and magnetic 

fields obtained by the program for each line man location is tabulated  in Table III. 

 

i. Electrical Field 

  

From Table III it is clearly shown that maximum electric field strength is at line 

worker no 1,2,3 and 13 locations, these values which is more than 129900V/m  are  

much high to  threat the line worker and there is  a possible hazard to their life.  

During live line working in case of bare hand method  line workers need to take some 

protective measures like suitable conductive suit which can protect the head and body 

from harmful electric fields.  For the rest of line workers locations the maximum 

value of electric field is less than 10000V/m which is not much high compared to 

129900V/m and within limits decided by IEEE, NHMRC and ACGIH as shown in 

Table IV and above ICNIRP limits. 
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ii. Magnetic Field 

 

The magnetic field density as per Table III for line workers 1,2,3 and 13 is more than 

11940 m.G which is very high compared to other line men locations where the 

maximum value is 1150.4 m.G. comparing the maximum value of magnetic field 

density for line workers 1,2,3 and 13 with the values decided by international standard 

(IEEE, NHMRC and ACGIH) it found within the limits but with exposure time 

restrictions and also it is more than ICNIRP standard. The value of magnetic field 

density of the rest of line men locations is found within the limits decided by all 

international standards shown in table V. 

From Table III it is clear that line worker closer to phase conductor will be subjected 

to high electric and magnetic fields an  if he is far as possible from conductor it will 

be more safer to him. Some of  international standard like NHMRC and ACGIH in 

tables V&IV showing exposure limits within time domain, some hours/day which line 

worker should not expose more than that. Other standards IEEE and ICNIRP are not 

showing any time domain within exposure limits. 

While checking the exposure limits of the different international standards used as 

reference in this work, it noticeably that  ICNIRP have more restrictions than  

the other standards like IEEE, NHMRC and ACGIH, where they are giving more 

tolerable values, accordingly, following these three standards (IEEE, NHMRC and 

ACGIH) can be recommended. 

 

Table IV: occupational exposure limits to electric field strength as per international 

standards 

Relevant standards Electric field 

(V/m) 

Exposure duration 

(hours/day) 

IEEE 20000 NA 

ICNIRP 8333 NA 

NHMRC 10000/30000 8/2.7 

ACGIH 25000 2 

 

Table V: occupational exposure limits to magnetic field density as per international 

standards 

Relevant 

standards 

Magnetic 

field density 

(m.G) 

Exposure duration 

(hours/day) 

IEEE 27100 NA 

ICNIRP 4166 NA 

NHMRC 5000/50000 8/2 

ACGIH 10000 2 
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Figure 2:The electric field density at tower       Figure 3: The electric field density at 

mid-span 

 

 

Figure 4: The magnetic field density at tower      Figure 5:The magnetic field density 

at mid-span 

 

Table III: electric and magnetic fields values for each line man position 

Line man position Electric field value 

(V/m) 

Magnetic field value 

(m.G) 

1 
129903.786 

11940.0297 

2 
131382.3246 

12357.6706 

3 
132187.1047 

12331.7507 

4 
986.28 

49.2485 

5 
1021.7264 

63.4577 

6 
6066.5456 

1150.4555 

7 4352.513 910.6909 

8 9700.7719 795.2009 
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9 8812.1672 1047.3084 

10 5146.419 950.1358 

11 1118.1518 67.8593 

12 7340.6757 439.0128 

13 137537.5256 12331.7507 

14 9265.1824 668.9445 

V. CONCLUSION 

From the above results it is obviously that electric and magnetic fields values on 

EHV-OHTL 380 KV in KSA have the safe value for line men on the most locations  

compared to international standards (IEEE, NHMRC and ACGIH  ) limits except the 

locations much closer to conductor where line men have to expose the conductor 

during live line bare hand working for conductor, conductor accessories or insulator 

replacing. During live line maintenance line men on the tower should use  hot stick 

which will be safe for them from electric and magnetic fields and for more safety they 

should avoid exposing to these fields for long time during the day and they can 

exchange their locations to avoid long time exposure. 

For locations closer to conductor where electric and magnetic fields have extreme 

values more than the allowable limits by ICNIRP, IEEE, NHMRC and ACGIH for 

electric field specially , line men should have to avoid as possible as they can to work 

on it, if not, other safety measure like conductive suit should be wear to protect them 

from electric field currents  and they should try to minimize the time of exposing to 

these high fields. Live line ground patrolling and inspection haven’t restrictions to 

line men.   
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SUMMARY 

 
The VFT “Variable Frequency Transformer” provides bi-directional power flow for H.V 
transmission systems. It can control power flow between asynchronous networks.  
Basically, it is a rotating transformer whose torque can be adjusted to control the power 
flow. This technique has many advantages over the conventional technique of HVDC link. 
It depends mainly on a rotating machine which has many advantages over HVDC regarding 
controllability, operating flexibility, and stability. 

The proposed study [1] outlines the different components of the VFT and its theory of 
operation. Recently, VFT is implemented in electric power systems to: 

I. Stabilize two interconnected asynchronous networks having slightly frequency 
differences. 

II. Interconnect 50 and 60 Hz networks for electrical energy transfer. 

A mathematical model of the VFT based on MATLAB-SIMULINK is developed to study 
the performance characteristics, operation and control of the two cases mentioned above. 
Also, it shows VFT response for some disturbances in power system parameters (e.g. 
frequency disturbance, line and earth faults).  

 
KEYWORDS 

 
Variable Frequency Transformer (VFT); Wound Rotor Induction Machine (WRIM); 
Asynchronous Network Interconnections; Power Flow; Synchronization. 
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I. INTRODUCTION 
Due to the extra growing in generation of electricity in the last years, the need for stable and 
economic interconnections between asynchronous networks becomes high. These 
interconnections between synchronous or asynchronous network were provided to reduce the 
cost of electricity and to improve power system reliability and stability. 
Two types of interconnections between networks can be classified as the following: 
First type is to connect two synchronous networks with Alternating Current (AC) transmission 
lines. This type is simple and economic, but it increases the networks complexity and decreases 
the stability of the two networks under serious faults. So, the AC interconnections are replaced 
by HVDC interconnections. HVDC has the capability to connect synchronous and asynchronous 
networks [2]. 
Second type of interconnections is to connect two asynchronous networks by HVDC link or by 
a new technology known as VFT. Each method has its benefits and advantages, also has its 
drawbacks and limitations. Power system, protection system and machine equipment become 
nowadays very sensitive. Each system has its effect on the others. It is become necessary to 
provide a complete research and study its effect on the other systems. 
The three systems are collected to provide new technology named by Variable Frequency 
Transformer. Each system has its touch on this equipment. Rotary transformer (Wound Rotor 
Induction Machine) and DC drive system is the core technology for VFT. Interconnection 
between asynchronous networks using VFT technology is studied by power system and 
protection systems. These studies calibrate stability, load flow and short circuit evaluations for 
VFT. 
II. CONCEPT AND STEADY STATE OPERATION OF VARIABLE 

FREQUENCY TRANSFORMER 
VFT is new engineering equipment that can transfer power between asynchronous networks. The 
VFT system is based on a combination of hydro generator and transformer technologies. It 
consists of a rotary transformer, for continuously controllable phase shift, together with a drive 
system and control, which adjust the angle and speed of the rotary transformer, to regulate the 
power flow through the VFT [3]. Per phase equivalent circuit and approximate phasor diagram 
are shown in Figs 2 and 3. 
The core technology of the VFT is a rotary transformer with three phase windings on both rotor 
and stator. A motor and drive system are used to adjust the rotational position of the rotor 
relative to the stator, thereby controlling the magnitude and direction of the power flowing 
through the VFT. The VFT is a fully bi-directional device that provides a means for controlling 
power flow between two grids. The two grids need not to be synchronous. Power transfer 
through the VFT is a function of the torque applied to the rotor. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 1. VFT Component 
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The main VFT components are [4]: 
• WRIM represent rotary transformer. 
• DC machine represent the drive system 
• Two conventional capacitor banks on each side of rotary transformer represent reactive 

power compensator. 
• Two conventional step-up transformers on each side. 

 
X1I1 X2’R1 R2’/S

V1 <θs V2’/S <θr’

I2’

XmE1

 
V2'/S

R*I

jX*I

I

V1

θs-θr’

ϕ

 
Fig 2. Per phase equivalent circuit for 

WRIM referred to stator windings 
Fig 3. Approximate phasor diagram 

The developed Torque has the following form [5] 

𝑇𝑇𝑑𝑑 = 𝐾𝐾1. |𝑉𝑉1|2 + 𝐾𝐾2. �𝑉𝑉2ˋ�
2 + 𝐾𝐾12. |𝑉𝑉1|. �𝑉𝑉2ˋ�. sin (𝛿𝛿 − ∅) 

   or      𝑇𝑇𝑑𝑑 = 𝑇𝑇𝐼𝐼𝐼𝐼 + 𝑇𝑇𝐼𝐼𝐼𝐼 +  𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 

Where: 𝛿𝛿 = 𝜃𝜃𝑠𝑠 − (𝜃𝜃𝑟𝑟 + 𝜃𝜃𝑠𝑠𝑠𝑠) 

𝑇𝑇𝐼𝐼𝐼𝐼 : Induction torque due to stator excitation while the rotor is short circuited 
𝑇𝑇𝐼𝐼𝐼𝐼 : Induction torque due to rotor excitation while the stator is short circuited 
𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 : Synchronous torque due to both excitations 
𝐾𝐾1,𝐾𝐾2 & ∅: Constants depend on machine parameters and slip 
 

𝑃𝑃𝑉𝑉𝑉𝑉𝑉𝑉 =
𝑉𝑉𝑠𝑠𝑉𝑉𝑟𝑟
𝑋𝑋𝑠𝑠𝑠𝑠

sin (𝜃𝜃𝑠𝑠 − (𝜃𝜃𝑟𝑟 + 𝜃𝜃𝑠𝑠𝑠𝑠)) 

If torque is applied in specified direction, then phase difference 𝛿𝛿 may be positive, then power flow 
from stator side to rotor side. If torque is applied in the reverse direction, phase angle may be negative, 
and then power flow will be reversed from rotor side to stator side. If no torque is applied on VT, then 
no power flows through VFT. So, power flow is proportional to the magnitude and direction of the 
applied torque. 
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Fig 4. VFT phasor diagram Fig 5. Electrical angle bet. stator & rotor  
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Fig 6. Power flow from stator to rotor Fig 7. Power flow from rotor to stator 

 
It is can be observed from power flow charts that: 

1. Power flow from stator to rotor represents WRIM operation in the motoring mode and DC 
machine operation in the generating mode. 

2. Power flow from rotor to stator represents WRIM operation in the generating mode and DC 
machine operation in the motoring mode. 

3. It is required to provide path for the generating power from DC machine to the network “DC 
voltage control drive shall allow to back the power to the grid” which increases VFT system 
efficiency. 

4. The losses in WRIM when transferring power from rotor to stator will be less than the losses 
when transferring power from stator to rotor. That is due to when transferring power from 
rotor to stator, mechanical power of DC motor will compensate the WRIM losses, then the 
difference between the power transferred between rotor and stator will be minimum. 

5. It shall be noted that the electrical power flowing out of the stator winding 𝑃𝑃𝑠𝑠 being only 
proportional to mechanical power 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚ℎ = 𝑃𝑃𝑠𝑠( 1 −  𝑓𝑓𝑟𝑟

𝑓𝑓𝑠𝑠
 ) of the drive system, rotor frequency 

and stator frequency. Hence, if the rotor frequency and stator frequency are kept constant, then 
the electrical power flowing out of the stator winding being only proportional to mechanical 
power of the drive system. 
 

III. DYNAMIC MATHEMATICAL EQUATIONs OF VARIABLE 
FREQUENCY TRANSFORMER 

 Wound rotor induction machine mathematical equations can be stated as the following 
forms [6] 
𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑟𝑟𝑠𝑠. 𝑖𝑖𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑝𝑝 𝜆𝜆𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎    
𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑟𝑟𝑟𝑟. 𝑖𝑖𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑝𝑝 𝜆𝜆𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎    
Where 
𝜆𝜆𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  : Phase stator flux linkage 
𝜆𝜆𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  : Phase rotor flux linkage. 
𝑟𝑟𝑠𝑠 : Stator resistance 
𝑟𝑟𝑟𝑟 : Rotor resistance 
𝑖𝑖𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 : Phase stator current 
𝑖𝑖𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 : Phase rotor current 
𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 : Phase stator voltage 
𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 : Phase rotor voltage 

 The stator and rotor power can be expressed in d-q model as the follows 

𝑃𝑃𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞 = 3
2

(𝑣𝑣𝑞𝑞𝑞𝑞. 𝑖𝑖𝑞𝑞𝑞𝑞 + 𝑣𝑣𝑑𝑑𝑑𝑑. 𝑖𝑖𝑑𝑑𝑑𝑑 + 2𝑣𝑣0𝑠𝑠. 𝑖𝑖0𝑠𝑠)    

𝑃𝑃𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞 = 3
2

(𝑣𝑣𝑞𝑞𝑞𝑞. 𝑖𝑖𝑞𝑞𝑞𝑞 + 𝑣𝑣𝑑𝑑𝑑𝑑. 𝑖𝑖𝑑𝑑𝑑𝑑 + 2𝑣𝑣0𝑟𝑟. 𝑖𝑖0𝑟𝑟)    

 DC machine mathematical model 
𝑣𝑣𝑎𝑎 = 𝑟𝑟𝑎𝑎  𝑖𝑖𝑎𝑎 + 𝐿𝐿𝑎𝑎𝑎𝑎

𝑑𝑑𝑑𝑑𝑎𝑎
𝑑𝑑𝑑𝑑

+ 𝑀𝑀𝑎𝑎𝑎𝑎 𝑖𝑖𝑓𝑓 𝜔𝜔𝑟𝑟     

𝑣𝑣𝑓𝑓 = 𝑟𝑟𝑓𝑓  𝑖𝑖𝑓𝑓 + 𝐿𝐿𝑓𝑓𝑓𝑓
𝑑𝑑𝑑𝑑𝑓𝑓
𝑑𝑑𝑑𝑑

     
𝑃𝑃 = 𝑣𝑣𝑓𝑓  𝑖𝑖𝑓𝑓 + 𝑣𝑣𝑎𝑎  𝑖𝑖𝑎𝑎     
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𝑃𝑃 = �𝑟𝑟𝑓𝑓 𝑖𝑖𝑓𝑓2 + 𝑟𝑟𝑎𝑎 𝑖𝑖𝑎𝑎2� + �𝑖𝑖𝑓𝑓 𝐿𝐿𝑓𝑓𝑓𝑓  𝑑𝑑𝑑𝑑𝑓𝑓
𝑑𝑑𝑑𝑑

+  𝑖𝑖𝑎𝑎  𝐿𝐿𝑎𝑎𝑎𝑎
𝑑𝑑𝑑𝑑𝑎𝑎
𝑑𝑑𝑑𝑑
� +  𝑀𝑀𝑎𝑎𝑎𝑎 𝑖𝑖𝑓𝑓 𝑖𝑖𝑎𝑎  𝜔𝜔𝑟𝑟    

Where: 𝑀𝑀𝑎𝑎𝑎𝑎 𝑖𝑖𝑓𝑓 𝑖𝑖𝑎𝑎 𝜔𝜔𝑟𝑟 is the electrical power converted to mechanical power. 
𝑇𝑇𝑒𝑒 = 𝑀𝑀𝑎𝑎𝑎𝑎 𝑖𝑖𝑓𝑓 𝑖𝑖𝑎𝑎 𝜔𝜔𝑟𝑟 

 𝜔𝜔𝑟𝑟
=  𝑀𝑀𝑎𝑎𝑎𝑎 𝑖𝑖𝑓𝑓 𝑖𝑖𝑎𝑎    

The DC machine is coupled mechanically with WRIM. DC machine applies torque on WRIM. DC 
machine is feedbacked by the speed signal of WRIM to achieve correctly coupling. 
The torque equation for VFT can be stated in the following form 

𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑇𝑇𝑒𝑒 − 𝑇𝑇𝑗𝑗    
 
System parameters 
 
Wound Rotor Induction Machine 

Rated 
Power 
(W) 

Nominal 
Voltage 
(VAC) 

Rated 
Frequency 

(Hz) 

Stator 
Resistance 

(Ω) 

Stator 
Inductance 

(H) 

Rotor 
Resistance 

(Ω) 

Rotor 
Inductance 

(H) 

Mutual 
Inductance 

(H) 

No. of 
Poles 

2250*746 2400 60 0.029 0.226/377 0.022 0.226/377 13.04/377 4 
DC Machine (Separately Excited) 

Rated 
Power 
(W) 

Line 
Voltage 
(VDC) 

Rated 
Speed 
(RPM) 

Rated 
Field 

Voltage 
(V) 

Armature 
Resistance 

(Ω) 

Rotor 
Resistance 

(H) 

Field 
Resistance 

(Ω) 

Field 
Inductance 

(H) 

Inertia 
(Kg.m^2) 

200*746 500 1750 300 0.08652 0.002118 36.59 3.896 5 
 
The VFT model can be built on MATLAB Simulink as shown in Fig. 8. 

 
Fig 8. VFT model in MATLAB Simulink 

System control 
The VFT control system is achieved by the voltage control of DC machine. The voltage control 
technique divided into three controllers as shown in Figs. 8. 
First controller: A speed controller that provides a fully speed control for VFT depending on the two 
networks frequencies. 
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Second controller: An angle controller that provides angle control for rotor induced voltage to be 
equal to the second network voltage angle. That guarantee synchronism across circuit breaker before 
closing it. The circuit breaker closing order shall include three functions internally as the following: 

1. Voltage across and phase sequence circuit breaker shall be equal. 
2. Frequency of voltage across circuit breaker terminals shall be equal. 
3. Zero voltage phase difference between the induced rotor voltage and the second network. 

Third controller: This sub-controller will control the bidirectional power flow. The DC machine is 
mechanically coupled to rotor of WRIM to control the transmitted power flow between networks. 

The first system frequency is set to be 60 Hz and the second system is set to be 55 Hz, so the rotor 
mechanical speed of WRIM shall be 150 RPM as shown in Fig. 9. Also, the machine torque is set to 
be 8909 Nm corresponding to 1 pu power flow as shown in Fig. 10, so the power flow through the 
VFT shall be as Fig. 11.  Fig. 12 shows that the VFT required reactive power from the two networks to 
compensate the required reactive power by stator and rotor inductances and by magnetizing reactance. 

 
Fig 9. VFT speed 

 
Fig 10. VFT torque 

 
Fig 11. VFT stator and rotor active power  
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Fig 12. VFT stator and rotor re-active power 

System running and operation  
The system operation can be started when circuit breaker of the rotor side is opened. At time zero, the 
system will run with all set values equal to zeros. At time one second speed value will be set to a value 
which depends on the difference between two network frequencies. At time two seconds, voltage 
angles across circuit breaker terminals shall be compared to be set at zero differences. At time four 
seconds, the circuit breaker shall be closed after synchronizing operation success. At time six sec, 
torque reference is applied to start transfer power between two networks. These operation sequences 
guarantee transfer power with minimum disturbance, also it maintains whole system stabilized and 
synchronized. 
Hence, it is required to clear that the machine deals with four angles: 

1. The first angle is the stator voltage angle (First network angle). 
2. The second angle is the rotor voltage angle (Second network angle). 
3. The angle that presents on the rotor terminals before closing synchro-check circuit breaker, the 

VFT regulates this angle before closing synchro-check circuit breaker -driving by DC 
machine- to be equal to the second network angle which allows closing synchro-check circuit 
breaker with minimum disturbance. 

4. The fourth angle is the angle that generated between stator and rotor windings, this angle is 
responsible for transferring electric power, as shown in Fig. 13, from first network to second 
network and vice versa. DC machine provides the required control and the required torque to 
WRIM to regulate this angle and control the transferred power. Fig. 14 shows the variations of 
the reference torque from positive to zero till negative toque. The machine toque follows the 
toque of DC machine which is controlled via reference torque generated by the above 
mentioned third controller. 

 
Fig 13 VFT stator and rotor power flow 
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Fig 14. DC machine, VFT and reference torques 

 
IV. TRANSIENT PERFORMANCE OF VARIABLE FREQUENCY 

TRANSFORMER CONNECTING TWO ASYNCHRONOUS GRIDS 
The proposed model provides studies for some disturbances in one network and study the impact of 
these disturbances on the other network. The proposed disturbances are frequency and current faults. 

System configuration 
The first network (Stable) will be directly connected to stator of Wound Rotor Induction Machine. On 
the other side, the second disturbance network system will be connected to rotor terminals via circuit 
breakers used to connect the second system to rotor terminals when synchronizing operation is 
successful, the rotor of WRIM is mechanically coupled to the rotor of DC motor. Hence, the DC 
machine controller set the speed and the angle of WRIM. The system will rotate by speed depend on 
the two networks frequencies. The DC motor sets the relative angle between stator and rotor voltage 
terminals to control the machine torque and power flow. 

A. Frequency disturbance in the second network 
The first network frequency is set at 60 Hz. While, the frequency disturbance occurs in the second 
system, the response of VFT is shown in Figs. 15 up to 17. The frequency disturbance will be 
oscillated between 60 Hz to 59 Hz at 10 sec on the second network and it will return to stable 
frequency 60 Hz at 15 sec as shown in Fig. 15, while the first network frequency is stable at 60 Hz. 
VFT will change its speed depending on frequency variation in the second network as shown in Fig. 
16. The VFT system will rapidly return to steady state after frequency disturbance. The power flow 
shows some oscillations after frequency disturbance, However VFT damps these oscillations and 
return rapidly to steady state as shown in Figs. 16 & 17. When the frequency of any of the two grids 
change (over frequency or under frequency), the change is automatically sensed and hence the 
reference speed is changed by the first controller. The VFT accurately tracks the new reference speed 
and keep stable transferring power between the two networks. 

 
Fig 15. Network 2 frequency (Hz) 
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Fig 16. VFT speed with frequency disturbance from 60 Hz to 59 Hz. 

 
Fig 17. VFT stator and rotor active power with frequency disturbance. 

B. VFT response with earth and line faults disturbances 
Earth and line faults will be applied on VFT to study its characteristic during faults on the rotor side of 
the second system. Earth and line faults will be applied on VFT at 10 sec and removed at 10.3 sec (the 
faults normally are removed by protection relays in the power system during 0.2 sec to 0.3 sec 
maximum) as shown in Fig. 18. This scenario is to study VFT characteristics and performance before, 
during and after earth faults. 

Single line to ground fault at phase A 
Single Line to Ground fault (SLG) will be applied on phase (A) at 10 sec and it will be cleared at 10.3 
sec. VFT response will be as the following Figs. 18 to 20. 
During the fault duration, the system will not be stable and just the fault is removed by protection 
relays, VFT will rapidly absorb the fault disturbance and sequences. VFT keeps networks coupled to 
keep stable power transferring between the two networks (Figs. 19 & 20).  
The VFT response and characteristic with line faults are approximately like earth faults. 

 
Fig 18. Fault current at phase A 
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Fig 19. VFT active power flow with SLG fault at 10 sec 

 
Fig 20. VFT speed 

 
V. VFT characteristic during speed variation from zero till 300 rpm. 

V.1 Power flow relation with electro-magnetic torque and VFT speed 
At the same applied torque (1 pu) on Wound Rotor Induction Machine, VFT characteristic shall 
be as Figs. 21. As shown, the zero speed copper losses will be minimum and with the increase of 
VFT speed the losses will be increased. Also, it is shall be noted that as shown in Fig. 22 at zero 
torque, the transferred power between two networks is zero and the machine will consume only 
no load power. With increasing the torque magnitude, the transferred power will be increased, 
and the copper losses will be increased. This means that VFT efficiency is inversely proportional 
to its speed. Also, VFT efficiency is inversely proportional to its applied torque. 
 

 
Fig 21. Active power flow diagram with VFT speed variation  

(with the same applied torque, 1 pu) 
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Forward and backward power flow curve can be represented with reference to VFT applied torque as 
shown in Fig. 22. 

 
Fig 22. VFT power flow with torque 

(at same VFT speed) 

V.2 Effect of speed on the flow of the reactive power at rated torque. 
Fig. 23 shows that VFT at zero speed will consume 1410 KVAR from network 1 and supply 
network 2 by 670 KVAR, i.e. WRIM will consume 740 KVAR. Where, at 150 rpm, VFT will 
consume 379.5 KVAR from network 1 and 255 KVAR from network 2, i.e. WRIM will consume 
634.5 KVAR. Also, at 300 rpm, VFT will supply network 1 by 853 KVAR and network 2 by 1371 
KVAR, i.e. WRIM will consume 518 KVAR.  
VFT consumes reactive power and requires reactive power compensator at the both ends to 
compensate the required reactive power by WRIM. It is clearly shown that the reactive power 
from 0 to around 100 rpm will flow from the first network to the second network, then from 
around 100 to 200 rpm, the VFT will consume reactive power from the two networks. 
The flow of the reactive power will be reversed to be from the second network to the first network 
from 200 to 300 rpm. These flow directions are indicated in Fig. 23. 

 
 

 
 
 

Fig 23. Reactive power flow diagram with VFT speed variation 
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VI. CONCLUSIONS 
VFT can isolate two networks depending on its inertia and internal impedance to prevent 
disturbances to transfer from network to another. This excellent feature can maintain the healthy 
network stable without any disturbances like frequency or line and earth faults from distributing 
among the networks. That shows why VFT improve power system stability during heavy 
disturbances. 
VFT can be implemented to transfer power between two networks different in frequency as 
Egypt (50 Hz) and Kingdom of Saudi Arabia (60 Hz). VFT needs compensation for its reactive 
power during operation.  
VFT efficiency is inversely proportional to its speed. Also, VFT efficiency is inversely 
proportional to its applied torque. VFT advantages can be concluded as the following: 

 Good efficiency 
 Low complexity 
 Low maintenance 
 Low harmonic generation 
 Asynchronous networks tie interconnection 
 Power angle controller. 
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SUMMARY 
 
The transmission grid is the backbone of the electrical power system and its multiplicity defines the forth 
Industrial Revolution. It is responsible for making a generating station profitable or a fallacy (good effort 
in futility). It further determines whether a particular power application by the user will be sustained or 
require to be decimated (downsized) for effective accomplishment. Some tasks demand too much 
instantaneous power that is commercially unfeasible given the current state of infrastructure. Expanding a 
data centre to meet spike in global data service would mean power upgrade not of linear expansion. The 
power demand will increase by several fold in peak data traffic than in floor demand. Therefore, the 
transmission grid must provide the required power without introducing restriction harmonics that impair 
peak performance. This is just one power usage which must be provided for in the modelling of a 
transmission line. Several other power utilization schemes will have their demand format. Quantum surge 
demand rich in harmonics that must be allowed; simultaneous heavy duty demand of non-synchronised 
rhythms characteristic of mining operations; commercial video games in a metropolis (sheer numbers 
involved) and many more respective scenarios of power usage have to be reliably accommodated without 
collapsing the grid or making excessive over capacity allocation provision (which is a cost deterrent by 
consequential uneconomical tariff billing). 
The transmission line utility operator will specify the power factor limit for any user to observe in their 
utilisation of electrical energy. This is useful for efficient energy transport under that modelling scheme. 
Will they also specify the data limit as units specify the level of spurious radiation from units? Power will, 
therefore, be efficiently conveyed through an elastic grid. 
This elastic grid utilises the Einstein’s theory of general relativity in actualising cable-less interconnections 
and negation of substation transformers making the transmission line totally elastic. No capacity limitation. 
The digital control in-built in the scheme allows for power control and metering for billing and generation 
planning and management. This seamless power coupling improves the access to electricity along the route 
of the transmission grid and further reduces the infrastructure cost for any power producer (renewable or 
otherwise) to feed into the transmission grid. 
 

KEYWORDS 
 

The following are the keywords or phrases: Elastic Grid; Einsteinian Space Deformed Energy 
Coupling EDSEC or ESDEC; substation capacity limitation; Sustainable; Commercially feasible; 
Instantaneous power demand; Restriction Harmonics; Modelling of Transmission line  
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Introduction 
 
The modern transmission grid deploys the refinement of physics then applied to engineering. The 
General Theory of Relativity by Albert Einstein has been crystallised into a usable reality. The coupling 
from a transmission grid wirelessly bogs the mind but this is exactly as Einstein perceived it. The 
rudimental use of optics and position fixing to prove the correctness has now been brought into peoples’ 
homes whether they understand it or not, at least the reality can be experienced. 
The modern grid is not just about bringing to life a complex theorem but a matter of solving the 
challenges that society is facing. A cross between economics and necessary social service has always 
besieged the designers of the transmission grid as to its routing. One system of wires run over one point 
but another set of wires has to bring power to that point. Tapping power as the grid pass the point would 
require the establishment of a sub-station. The costs overshadow the merits of the necessity to provide 
power to that point. The argument of population concentration and total purchasing power rules on the 
argument. This criterion of access provision has led to many places lagging in development and 
resorting to ultra-high cost electrification when evaluated against the accomplishments of all desired 
tasks for electrification (that electrification addresses all jobs and not just some jobs). 
The depletion status correction vis a` vis desire to acquire energy to meet the given downstream demand 
is realised by setting up a path-changing profile for electromagnetic wave which can be perceived as 
the energy source shifting its position in that realm to one normally assumed without the demand. 
Paraphrasing the foregoing would mean the electromagnetic wave bending not by diffraction but by 
energy interaction on the mass content. The space between the mass of the transmission line route and 
the local demand is deformed that a component of the energy field finds a new path. 
 
The Current Grid 
 
The current grid was formulated on the basis that the number of people and services to connect to the 
grid where to be in an organised clustered that capacity of all the elements was predetermined or 
estimated before installation. The engineering simply involved the routing of the grid to assure efficient 
supply of energy. The protection systems imbedded in the grid were not sophisticated as all the services 
could effectively be predicted for their time of use and duration of use. Therefore, grid modelling on 
the part of peak load and base load as were formulated then, by and large, rule the grid today. The 
evolution from 33kV; 66kV; 120kV; 220kV; 330kV; 400kV; 800kV and further can be traced as having 
been occasioned by the frustrating low voltages and uncontrollable voltage regulation when the users 
on the network increased. It was not the limitation of the generating capacity as the recovered revenue 
from the billing correlation corresponded to only a fraction of the generated capacity. Higher voltage 
migration sent more power and a better parameter control. Soon, however, urbanisation and 
industrialisation stripped that capacity and voltage regulation became poor. 
Big decisions were made to use much higher 330kv and 400kV to 800kV as a means to provide capacity 
that could project into some considerable future before poor voltage regulation rein-in. The over-
capacity created was astounding as several years went by in some economies before even a quarter of 
the rated capacity could be attained. Generating stations now lagged behind. It must be noted that the 
maintenance of a higher tension line is higher than a lower tension line. These maintenance costs were 
absorbed and disguised as tariff. The sad development is that when demand has evolved to require the 
use of the EHT line that is when these installations have aged. Their performance is not reflecting the 
EHT status because age has creeped in. You increase generating capacity but you rely on an old segment 
of transmission line to route power to some point where newline terminate. Stability and reliability is 
just as good as the weakest link in the chain. 
The new lines can not perform wonders when they rely on the old segment as their backbone. Yes, the 
fibre optic has been laid side by side for instrumentation data capability and telemetry enhancement. 
These towers are already corroding. The collapse of the tower brings down even the data route. This is 
a good learning point. The effect of local use creating local distortions on the grid where not apparent 
or not much notice was made of such occurrence. When a welder at work in the room adjacent or in the 
vicinity, the radio and telephone system would be severely impaired. These are still teething problems 
which are simply resolved by removing one system or implement a time shared protocol. An  
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Uninterrupted Power Supply UPS would keep toggling between normal and standby as the welder 
carries on his business which lead to UPS burnout if the battery capacity is high and such cycling 
becomes frequent and erratic. Computer systems suffer an awfully lot! 
After attaining a particular load density on a given transmission grid an upgrade to higher tension or 
replication of the grid to carry the growth demand is put up. This comes with the full complement of 
transformers and lengthy transmission wires perhaps of thicker gauge to build-in a larger allowance. 
This is all too costly for marginal gain as the created capacity will lie dormant until when fully utilised. 
For a fast growing economy the high value services would saturate this system in a short time and in-
turn become a frustrating limitation as users cannot grow at their own pace. All these scenarios make 
the modelling of the grid that much difficult. 
 
 
The Modern 21st Century Proposed Grid 
 
The modern grid is quite simply an elastic grid that is digitally controlled and managed: from 
connections to disconnections; from normal usage to specialised usage; from protection to additional 
opportunity provisions; and from maintenance to repair (removal and recovery). Any analytical profile 
that needs to be made can in fact be software simulated before being tested on the live system. This 
modern grid reduces on the demand for precious metals and expensive constructions. The transmission 
grid as well as the distribution grid both negate the substation transformer which is a huge cost saving 
both from the capital standpoint and from the operation and maintenance. The power loss associated 
with the substation is removed. The grid connects users direct from the transmission grid for places 
which are within the route of the transmission grid. 
The sizing and re-sizing of the substation transformers (together with associated switch gear assembly) 
with evolutionary growth in the clientele is negated as stated earlier, but further benefit accrues on 
account of making capacity to users flexible. The users can derive three phase or single phase power at 
will according to the implement they want to use. This is achievable even for small power demands as 
little as a 0.5kW domestic water pump. The efficiency attained makes good sense for the user as well 
as the utility provider. Reduced wastage means more power for other users. The transmission grid 
becomes essentially a limitless power conveyer with only software upgrades redefining the various 
segments of the physical line to adapt it to handle increasing power. The concept of spare capacity is 
not used at the transmission grid but remains a function of generating stations. The capital saving on 
infrastructure and maintenance labour and material resource referred to as recurrent expenditure is huge. 
Therefore, a lean system is created which is efficient and reliable that will have accrued benefit of lower 
cost of providing high quality service reflecting on the user as a lower tariff charge. The distribution 
grid where convenient may be allowed to run but all control and metering is done from the transmission 
grid. 
As alluded to earlier on the cornerstone of the modern grid is in the similarity between power and data 
in the conveyance. The power is conveyed on the grid by conducted electromagnetic coupling 
conveyance along the length of the wire in much the same way as data is made to propagate through 
the system. Control and system data is first generated as a spectral analysis pulse coupled to the grid 
from the respective point at which its generated. This data generation is continuous for as long as that 
condition exists. If it is a branch, metered data of current and voltage, thus generated is by the distortion 
created at the junction which will propagate to the system terminal hub as a specific, in time and in 
space, as to be interpreted as that unambiguous junction distortion harmonic distribution. A junction 
map and all connections to the system will be resident at the control hub to be used to relate all 
instantaneous harmonic distortion data. From this harmonic distribution the intensity will be arranged 
by software to give voltage information as the current information will also be derivative. This 
information is in real time and the status of the branch in terms of normal or abnormal circuit condition 
can be ascertained. A fault condition will present an abnormal power consumption trend which can 
immediately be counteracted before any adversity is experienced. The sensing being digital in format 
means that an awareness instruction can be sent to users in that segment to remove the abnormal device 
as the line is not physically cut but only downgraded in power level that intelligent signals continue to  
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be exchanged without any power intensive events occurring. Since no circuit element connects in series, 
there is no localised fault that can ground the whole system. In case a tower breaks and snaps the grid 
the harmonic distortion pulse will be specific as to the position of the break that corrective movement 
on site is immediate. The remaining grid is not deactivated as only the relevant section will have 
coupling segments to effectively downgrade power to a short distance from the break thereby allowing 
other upstream users on the grid to continue using the grid. 
If there is a parallel grid alongside, an electronic detour can be setup that decouples power from one 
grid near the breakage, bypass the breakage and possibly two or three towers that are in the vicinity 
before re-coupling back to that grid. This is the miracle of the ESDEC which possibilities it brings. 
Repair and restoration work can go on while upstream and downstream user continue to have power in 
the same measure as before. 
 
Elastic Grid Technological Schematic Representation 

The grid representation on the left is more on appearance than elemental representation. The figure on 
the right is the elemental representation. Indeed, the transformer effect is represented but what is missing 
are the losses and limitation associated with the core transformer. The hysteresis, the iron and the copper 
losses are all eliminated as the core is by Einsteinian space distortion coupling which is additive 
successive intensity accumulation, non-time dependant which makes reactive counter build-up non-
existent. The iron losses caused by hysteresis action are again time sensitive which in this case is time 
independent. Lastly the copper or series conductor loses are negligible as the effective space for the 
ESDEC is infinitesimal making resistance very small. The rest of the cable is just a conductor in 
function. 
 
Pictorial Representation of Modern grid transitioning into Lower Voltage Grid (Distribution 
Grid) 
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The pictorial representation shows that the basic domestic home can be directly powered from the 
transmission grid without the necessity of a distribution grid. This is the exact message that the whole 
paper wish to highlight to show the efficiency in the power provision. The safety and protection features 
demonstrated to the point that the practice is viewed as a truly 21st century power grid. Two radio 
frequency transmitter on either side of the coupling inductance or radiator element supply two 
synchronised very low power (in milli-watts) which are then projected towards the high tension 
transmission line. The resulting Einsteinian space distortion power coupling ensures that the field 
intensity variation of the receiving elements vary in synchronism with the supply field that of the 
transmission grid. Whereas the field build up follows an unspecified infinitely short time interval, the 
field intensity variation follows the main transmission grid that is at the transmission frequency of 50Hz 
or 60Hz as applicable. 
 
Ripple Wave-front Pattern and Coupling/Parameter Control 
 

 
The ripple diagram representative of the wavefront distribution shown in the synchronised phase 
arrangement to project the reinforced crests or troughs along the perpendicular line that goes to meet 
the transmission grid. When the two perpendiculars align, the forward and the reverse (reflected) wave 
will now take the same distance to and from. In other words, the path is synchronised in space and what 
remains is the time synchronism for wave energy to start piling and reinforcing each other with each 
successive trespass. When the time synchronism is established the Einsteinian distortion of the space 
occurs such that the time of travel of the wave from one line to the next becomes infinitely too short, 
much shorter than the time it takes light to travel the same distance. The rate of inertia change that 
would be required of the associated mass becomes too large making the mass appear enlarged (both 
masses) explaining the distortion of the intervening space. 
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To our perception, or possible measured quantities, the energy used in the new circuit becomes the 
measure of the energy coupling. The voltage regulation with change of demand normally gives the 
efficiency of coupling and the energy situation upstream. But in this scenario the voltage regulation is 
determined by the phase relationship of the two path defining radiations. The voltage can be set by the 
phase difference or amplitude difference between these two signals. The regime of such determination 
has now been qualitatively described. 
 
Metering, Billing and Subsidiary Services 
 
Since the metering cannot be done on the time interval and rate of energy transfer in absolute terms, a 
relative measure that looks at the downstream effects is then focused on. Current transformers and 
voltage transformers universally classified as instrument transformers make the backbone of the 
traditional grid measurements for metering and other evaluations. These, in some cases are digitised to 
allow the information to be digitally conveyed to remote monitoring and control centres, but that is as 
far as it goes. The metering is done on the basis of harmonic distortion distribution that is detected by 
spectra analysis to give the exact level of energy utilisation and wastage and abuse. These measurements 
transcend the use of the instrument transformer. With the analysis and prediction that come with this 
measure, it is possible to direct resources where needed and to terminate wasteful points thereby 
rationalising the grid efficiently. 
A shorting system is expected to blow up a fuse or indeed activated a current sensing protection system. 
One cycle has duration of 0.02seconds (20milli seconds). This time would represent several megawatts 
of energy if the failure is on a high voltage line. Imagine how many fires or extensive inadvertent 
welding or personnel injury that this represents. It is such colossal damage. However, the spectral 
analysis travels much faster in conveying information such that damage is contained. Further, local 
action to terminate power coupling acts before any registered damage is possible. 
Passive spectral analysis and active spectral analysis can both be deployed in the metering system 
depending on how many power branches they are. The passive system relies on the low level signal 
emission that present at any junction disturbance. The active system will send a semblance of a radar 
probing signal that sets up a time reference. The derivative data from the spectral analysis is common 
knowledge and will not be dwelt into as we may infringe some proprietary schemes of some 
manufacturers. 
 
Meeting the Aspirations of the 21st Century Globalisation 
 
The transmission grid of the 21st century must take a leaf from the sun’s conveyance of energy to its 
planets. Only a narrow beam of the sun radiation reaches the earth that is why the sun rays are said to 
emanate from infinity and travel as a narrow beam given the dimensions of the earth and the distance 
from the sun. it follows that vast amounts of power can be conveyed without space diversity. The 
transmission grid that has already been set up should be used as the transmission guide over which a 
more powerful energy carriage mechanism is to be deployed. The alternative simply means increasing 
cable size and raising transmission voltage higher and higher until the flash point becomes a common 
deterrent as the line traverses the landscape of different composition. 
It is evident that more and more people will ascend to the grid and draw out more and more energy 
resulting in grid saturation happening sooner than designed for. The investment dollars should go into 
designing an appropriate transmission scheme that remain friendly to both humanity and the 
environment. Cable systems are big visible dangers to weather, be it a storm or lightening, the 
repercussions are colossal. More metal hanging means reinforcement to the tower foundations and 
rigidity strength to avoid stringing over-tension which would couple harmonics that would collapse the 
entire arrangement or excessive strength which make surrounding ground to these foundations the main 
anchor which in itself relies on the weather situation for continued stability. Common accidents as fires 
due to collapsing towers would present serious commonplace challenges where this scheme of grid 
design to continue well into the 21st century. 
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In so far as power utilisation is concerned people will stay anywhere but would still like to carry their 
industrialisation and smart community living standards with them. This means that off grid solar 
solutions or wind solutions would appear to meet some aspirations but like any modern citizen, you just 
want to switch the light and cook on the stove you do not want to go and put oil in the engine or repair 
the solar mini-grid when all you need is just power. This means that cost of running mini-grids will 
escalate (skilled maintenance personnel and profile management demanding dedicated personnel) as 
permanent employees will have to man the stations. These cost will become excessive to be borne by a 
few residents then ascension of the mini-grid to the main grid will become the norm. Therefore, the 
transmission grid must respond to such challenges. People would also want to recoup excess capacity 
of their generation to earn some money. The grid must be available for such. 
 
 
 
 
 
Interfacing – Appropriate Termination for Grid Stability and Facilitation of Power Trading 
 

 
The schematic diagram above shows how two power sources of different character ascent to the 
transmission grid. The Direct Current power station typically a solar farm power station is connected in 
much the same way by introducing the Einsteinian space distortion that couple the magnetic field 
associated with the flow of direct current. The perceived short circuit now builds up potential by virtue 
of coupled energy which is viewed as a load. The amount of power coupling designed to be uploaded 
on the grid drives the software controlling the initialising radio frequency (r.f.) energy to present an 
impedance to the dc source that delivers the current and field intensity that uploads that energy specified. 
On the grid side the coupling ensures that phase voltage, phase sequence, frequency and phase 
opposition are ensured at all times in the continuum of the energy upload feed. 
Uploading from an alternating current source is just as interesting as the voltage, frequency, phase 
sequence and phase opposition have to be continuously ensured. This process also implies that any 
generator system can be uploaded whether they are frequency wild or frequency stabilised. This is 
useful by ensuring that the generator is allowed to run at its most efficient state before it is uploaded. 
The software that drives the process varies the feeding phase angles to achieve a synchronised feed at 
the transmission grid.  
 
The Transmission Grid as the Platform for Power Trading 
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The only realistic platform to trade power is the transmission grid as it connects the generating stations and 
the consumers of the electricity. Trading power at this point also assumes that the power to its final utility 
point will not undergo substantial degradation, that is negligible loss, retain voltage stability and other 
leading parameters. For individual households to be billed from the transmission grid as espoused by the 
modern grid the system is expected to have a huge data capability as numerous data streams will have to 
be generated, conveyed, received and implemented on the same transmission grid platform. This enormous 
challenge cannot be unfortunately implemented by one classical solution among the litany of tools in our 
current tool kit. Fibre optics is good and effective for long-haul point to point. Where a multiplicity of 
branching points is required these junctions will be complicated to manage especially for perhaps one client 
per route and of modest data demand. Radio based data acquisition and deposition would bridge the gap. 
The modern transmission grid is also data capable. 
Present day power trading is premised on agreed code schemes. Wheeling charges are levied on transiting 
power beyond borders. These code schemes have been developed over the years and have matured to be 
referred to as the evolution system of international power trading protocol. However, with the development 
of extending power beyond physical borders without the incorporation of a substation, this protocol would 
be wrought with many challenges. Unless, the power consumed is labelled from its originating source and 
consistently through the route to its consumption point the code scheme would be highly problematic. The 
reconciliation mechanism for determining whose power has been consumed would pose a serious 
conundrum. 
One requirement that pops up vigorously is the amount of data that has to be handled and handled with 
care. It should follow that an independent data backbone should be established that should have many 
alternative routing as there are power supply options. With such an extensive data portfolio, Cyber Crime 
vis a` vis information security becomes a benchmark feature. Questions have to be asked, should customer 
data mix with control data on the same data stream or should parallel data streams of differing encryption 
complexity be run? All these vexing questions will need addressing. When the encryption becomes too 
complex, the danger of decoding failure would mean system malfunction or failure wrongly diagnosed and 
wrongly actioned resulting in catastrophic consequences. A fire on a cable at a known junction that even 
passer-by can see would be entangled in a digital web of information coding and decoding that specialised 
interpretation may elude the critical few moments that bus disconnection would require to forestall 
irreparable collateral damage. As the fire could initiate bigger opportunistic fires. These situations act as a 
deterrent to over encryption of data. 
The trading platform should, therefore, constitute the following five actionable areas: 

1. Rules for power ascension (uploading) 
2. Rules for power withdrawal (downloading) 
3. Establish Protocol for Bi-Directional Energy Flow (Grid-Home-Grid) 
4. Formulate Protocol for Transmission Grid as a Borderless Power Grid 
5. Establish Protocol to govern the Transmission Grid as a Confluence of Modern ICT 
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Conclusion 
 

The development of the modern grid has highlighted by the close relationship between innovation and 
necessity. The economics of scale have a limit in driving innovation as has been demonstrated by hundreds 
of years of the transmission system remained in much the same way as was first conceived yet the turnover 
from transmission line construction has surpassed several trillion dollars. The bus bar breaker system has 
evolved with the same blueprint of contact making and breaking as the electricity regime of connection and 
disconnection has always been by contact making or breaking. The electronics developed the solid state 
switches which merely restrict flow of current but still couple the voltage across the device. Therefore, 
circuit galvanic isolation for safety purposes has remained the rudimental switch (mechanical breaker). 
Engineering has never escaped the grasp of physics as is evidenced by the development of the 21st century 
grid which has deployed elements of fine physics to produce an outcome long desired but hitherto, only 
wished for. Marrying the economics of scale to the resolution of individual needs! Power can be transported 
to load centres but at the same time the needs along the route will be met without creating a capital overrun 
to a project estimation by diverting funds for a supposedly charitable undertaking. This is no charity but a 
commercial transaction that will pick many along the route and improve the actual economics of that 
transmission line. 
The extensive use of data on the transmission grid indeed brought about the confluence of ICT. The material 
gains included the flexible use of the mobile phone as an input data gadget to control the electrical services 
at one’s home or workplace depending on the permission levels. The integration of the internet in the mix 
then bring in the remote control that has no geographical limitations. The power wastage has been 
minimized as software profiles would keep alerting the owner of the idle power situation at their homes 
and prompted to command shutdown of those unnecessary services. Indeed, homes become smart homes 
and the grid becomes a smart elastic transmission grid. 

 
Recommendations 
 

The following recommendations are made: 
1. As an action to save the environment, lets migrate to the modern grid and relieve resources 

to tackle access to electricity sustainably and substantially 
2. High capacity users of industrialised countries can add new capacity to cater for growing need 

by mere software upgrade as power trading convenience easily uploads power without 
specialised new line setup 

3. High pylon towers and associated EHT voltage for high capacity carriage should be replaced 
with format changes. Perhaps explore the longhaul capabilities that ESDEC could bring (some 
research work) 

4. Collaboration that is transparent will be useful to fully develop the new transmission capacity 
brought into perspective by ESDEC  
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SUMMARY 
 
The Smart Grid generally referred to as the next-generation power system. The development of 
communication capabilities, moving power control systems from “islands of automation” to 
“totally integrated computer environments”, have opened up new possibilities and 
vulnerabilities. The role of Transmission System Operator (TSO) is vital in this era. TSO not 
only has the Control Centers handling the Grid, but also is responsible for network traffic in the 
transmission system as well as current and long-term operational security of the system. In 
Smart Grid era, the role will be more complicated integrating the Electrical Grid with 
communication networks to form a two directional power and information flow infrastructure. 
The integration not only moves power automation systems from outdated, proprietary 
technology to the advanced communication technologies, but also changes the closed power 
control systems to the public data networks. 
 
Cyber security emerges to be a critical issue because millions of electronic devices are inter-
connected via communication networks throughout critical power facilities, where the 
information infrastructure is critical. Cyber security aims to make the system safe because any 
mistake it could lead to unreliable system operations causing consequential disaster to both 
utilities and consumers. Every month there are reports of threats and attacks from hackers, 
attempting to breach or corrupt sensitive control systems of power utilities in the world. 
 
In this paper, detailed survey of worldwide experiences for cyber security for Electric Utilities 
is illustrated, focusing on cyber security requirements like: high security, availability, integrity, 
confidentiality, authentication, authorization, auditability and encryption. Also types of attacks 
that targeting network availability, integrity & confidentiality together with actual cases are 
described followed by summary on how to mitigate attack and network countermeasures. 
Illustrations on how to secure Power Utilities and networks through secure communication 
protocols in the Smart Grid era like DNP3 and IEC61850 are highlighted. And finally lessoned 
learned & recommendations gained from Cyber-attacks on smart grids worldwide are presented 
to the Electricity Utilities.  
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I. INTRODUCTION 
 

Cyber security refers to the technologies and processes designed to protect computers, 
networks and data from unauthorized access, vulnerabilities and attacks delivered via the 
internet by cyber criminals. 

In Smart grids we went from isolated wired to connected IP substations leading to more 
targeted to cyber-attacks. 

Cyber intrusions, intentional or unintentional, can have a significant impact on service 
continuity and safety. The control of utility processes and systems is becoming increasingly 
complex.  

Increased data communications throughout the electric grid will introduce new cybersecurity 
risks and challenges, to both local and wide-scale grid systems. Some examples follow: 

 
• Loss of grid control resulting in complete disruption of electricity supply over a wide area 

can occur as a result of errors or tampering with data communication among control 
equipment and central offices. 

• Consumer-level problems ranging from incorrect billing to interruption in electric service 
can be introduced via smart meter tampering. 

• Commuting disruptions for electric vehicle operators can occur if recharging stations have 
been modified to incorrectly charge batteries. 

• Data confidentiality breaches, both personal and corporate, can provide information for 
identity theft, corporate espionage, physical security threats (for example, through knowing 
which homes are vacant), and terrorist activities (for example, through knowing which power 
lines are most important in electric distribution). 

The challenges to maintaining cybersecurity of the electric grid come from several 
characteristics of the future grid: 
• New control systems and processes: Control over large amounts of information generated 

from grid operations at the individual utility and even consumer level will require new 
control and management systems and processes. 

• Components: The electric grid will be composed of components from multiple suppliers, 
with multiple interfaces and protocols, and relying on multiple standards. 

• Continuous transition: The information and communications technologies (ICT) used in 
the grid will continue to change at a faster rate than utilities can change components in the 
grid, resulting in incompatibilities and security vulnerabilities between existing and new 
ICT. 

 
II. Data Communications, Cybersecurity, and Information Privacy 
 

The highly interconnected grid communications networks of the future will have 
vulnerabilities that may not be present in today’s grid. Millions of new communicating 
electronic devices, from automated meters to synchro phasors, will introduce attack vectors 
paths that attackers can use to gain access to computer systems or other communicating 
equipment that increase the risk of intentional and accidental communications disruptions. As 
the North American Electric Reliability Corporation (NERC) notes, these disruptions can result 
in a range of failures, including loss of control over grid devices, loss of communications 
between grid entities or control centers, or blackouts.2 
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Fig (1): Future Electric Grid communications and power flows 

 
a- GRID DATA COMMUNICATIONS: 

Several types of data communications networks already serve many purposes in the electric 
grid: 
 
• Utility-owned wide-area and field-area Networks: send and receive operational 

measurement and control signals between control centers, substations, and sensors along 
transmission lines and the distribution network. They rely on wired (fiber and copper), 
wireless (cellular), and radiofrequency or microwave communications. 

• Commercial wide-area, field-area, and local (neighborhood) networks: are used for 
similar purposes to utility-owned networks as well as for communications among corporate 
data centers. They rely on wired, wireless, radio-frequency or microwave, and power line 
carrier communications, provided under contract or operating arrangements from common 
public telecommunications service providers. 

• Public communications networks: such as the telephone network and the Internet, transmit 
information, such as pricing signals and daily generation schedules, and communicate with 
home energy networks. 

• Satellite communications networks: are used where microwave communication is 
prohibitively expensive; phasor measurement units (PMUs) also use the GPS satellite 
navigation system to synchronize timing. 

• Home and commercial premises networks: connect appliances and transmit control 
information from utilities to homes or businesses and are typically provided by the customer. 
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Fig (2): Detailed communications flows in Future electric grid. 

 
between “generators” and “consumers,” particularly as consumers who previously only 
consumed electricity begin participating in demand response programs and generating their own 
electricity through fuel cells, wind turbines, solar roofs, and the like. Data communications 
systems will need to enable customers to perform these multiple roles. As the grid evolves, the 
existing point-to-point and one-way communications networks will need to be expanded or 
replaced with networks designed for two-way communication. 
 
b- Data Communications Technologies and Applications 

Wide-area monitoring systems for more advanced control of the distribution and transmission 
grids will collect operational parameters—for example, voltage, current, phase, and 
frequency—at a sub second rate and transmit these data to grid operation centers for immediate 
processing and action. 

These systems will require high data transfer rates with high reliability as well as backup 
power and other redundancies. Designing future grid communication networks to meet these 
network requirements will take creative technical solutions and collaboration among utilities, 
vendors, systems integrators, and customers. 
 
III. CYBER SECURITY REQUIREMENTS 
 
a. High Level Security Requirements: 

 
The security of the grid will strongly depend on authentication, authorization, and privacy 

technologies. Privacy technologies are well matured. Federal Information Processing Standard 
(FIPS) approved Advanced Encryption Standard (AES) and Triple Data Encryption Standard 
(3DES) solutions, offering strong security and high performance [1]. 
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Fig (3): from isolated wired to connected IP substations 
 

The specific privacy solution required will depend on the type of communication resource 
being protected. Wireless links will be secured with technologies from well-known standards 
such as IEEE 802.11i and IEEE 802.16e. Wired links will be secured with firewalls, virtual 
private networks (VPNs) and IPSec technologies. 

Higher layer security mechanisms such as Secure Shell (SSH) and SSL/TLS should also be 
used [1]. 

The Responsible Entity shall document and implement a cyber security policy that represents 
management’s commitment and ability to secure its Critical Cyber Assets, such as conduct a 
risk analysis, identify and map all communications pathways to and from the substation, Use 
and manage strong passwords, firewalls and antivirus (updated frequently), secure all access 
points to protect from attacks, Practice “need to know” security and compartmentalize 
information, Monitor security status of critical electronic access points. 
 
b. Availability: 

 
Availability refers to ensuring that unauthorized persons or systems cannot deny access or use 

to authorize users and ensuring timely and reliable access to and use of information is of the 
most importance in the Smart Grid. This is because a loss of availability is the disruption of 
access to or use of information, which may further undermine the power delivery. 

For smart grid systems, this refers to all the IT elements of the plant, like control systems, 
safety systems, operator workstations, engineering workstations, manufacturing execution 
systems, as well as the communication systems between these elements and to the outside world 
[1, 2]. 

 
c. Integrity: 
 
Integrity refers to preventing undetected modification of information by unauthorized persons 
or systems. For smart grid communication systems, this applies to information such as product 
recipes, sensor values, or control commands. This objective includes defense against 
information modification via message injection, message replay, and message delay on the 
network [2]. 
 
d.  Confidentiality: 

 
Preserving authorized restrictions on information access is mainly to protect personal privacy 
and information. 
This is in particular necessary to prevent unauthorized disclosure of information that is not open 
to the public and individuals [2]. 
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e.  Authentication 
 

Authentication is concerned with determination of the true identity of a communication system 
participator and mapping of this identity to a system-internal principal (e.g., valid user account) 
by which this user is known to the system. Most other security objectives, most notably 
authorization, distinguish between legitimate and illegitimate users based on authentication. 
 
f. Authorization 

 
Authorization is coupled with authentication, also known as access control, is concerned with 
preventing access to the system by persons or systems without permission to do so such as when 
a server determines if the client has permission to use a resource or access a file. 
 
g. Auditability: 
Auditability is concerned with being able to reconstruct the complete history of the system 
behavior from historical records of all actions executed on it. This security objective is mostly 
relevant to discover and find reasons for malfunctions in the system, and to establish the scope 
of the malfunction or the consequences of a security incident [1]. 
 
h. Encryption: 

 
Encryption is an elementary cryptographic method to achieve secure communication and 
information protection for any information system. In the Smart Grid, most electronic devices 
are expected to have at least basic cryptographic capabilities, including the ability to support 
symmetric ciphers [2]. 
 
Security in OSI model 
 
The OSI 7-layer model enables security measures to be applied at the Transport layer (layer 4) 
and the Application layer (layer 7). 
 
 

 
Figure (4): The OSI seven-layer model 

 
At the Transport layer the dialog between two devices is controlled. The connections between 

the two devices in question are established, managed, and terminated at this layer. Applying 
security at this layer is known as Transport Layer Security, and the most common protocol to 
achieve this is the Transport Layer Security protocol (TLS), otherwise known as Secure Socket 
Layer (SSL). This type of secure data exchange is limited to point-to-point communication. 
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A more flexible solution can be implemented by applying security at the Application Layer 
(layer 7), whereby messages themselves are secured independently of the transport on which 
they are exchanged. Application of security measures at layer 7 produces a Service Oriented 
Architecture (SOA). Secure messages can be sent between any of the devices in the network 
and are not limited to point-to-point communication. 
 
IV. NETWORK SECURITY THREATS IN THE SMART GRID 
 

As security challenges mainly come from malicious cyber-attacks via communication 
networks. (if the substation network is not connected to the outside world, it can’t be accessed 
from the outside world), and “secure by obscurity” (if the formats and protocols are proprietary, 
it can be very difficult, to interpret and hack into them). 

In wide-area applications, substations can be interconnected with open networks such as 
corporate networks or the internet, which use open protocols for communication. Open 
protocols mean that the security cannot be assumed, and interconnection via open networks 
means that the security that isolation brought them cannot be assumed either. This leaves the 
networks vulnerable to so-called cyber-attacks. 

It is essential to understand potential vulnerabilities in the Smart Grid under network attacks. 
Security issues occur because of actions taken by outside hackers and attackers, and also by 
disgruntled employees. 

The future grid also will have millions of programmable devices—most notably smart meters, 
but also electric vehicles, PMUs, devices in electric grid substations, and other equipment— 
that all present software application and firmware security vulnerabilities. 

Communications security includes mitigating protocol vulnerabilities that can impact the 
ability of communications network protocols to transmit their data securely. 
Communications interfaces within and between grid systems introduce critical vulnerability 
points into the electric grid network. For example, customer demand response might involve an 
interface between AMI, distribution management systems, and billing systems spanning a large 
number of customers Control over physical access to grid hardware and facilities is also 
necessary to eliminate tampering at software and communications interfaces. Gaining physical 
access to a communications router or controller would allow a knowledgeable person to 
significantly disrupt data flow. Likewise, gaining access to a corporate data center or other 
equipment location would allow direct control over equipment, So rigorous testing of individual 
system components, complemented by integrated systems testing, can help mitigate 
cybersecurity risks and develop better system responses when vulnerabilities are breached. 
In this section, we provide an over view of network attacks towards the Smart Grid. 
 
Attack classification [2]: 
 
1- Denial-of-service attacks: 

 
Malicious attacks targeting availability can be considered as denial-of-service (DoS) attacks, 

which attempt to delay, block or even corrupt information transmission in order to make 
network resources unavailable to communicating nodes. However, a major difference between 
a smart grid communication network and the Internet (as shown in table 1) is that the smart grid 
is more concerned with the message delay than the data due to the timing constraint of messages 
transmitted over the power networks. For instance, the delayed message is 4 ms in IEC 61850 
In general, existing DoS attacks can happen at a variety of communication layers in the Smart 
Grid, which are shown in Fig (4). 
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Fig (5): Denial-of-service attacks in power systems [2]. 

 
- Physical layer: Channel jamming is one of the most efficient ways to launch physical-layer 

DoS attacks, especially for wireless communications. Since intruders only need to connect 
to communication channels rather than authenticated networks, it is very easy for them to 
launch DoS attacks at the physical layer. In the Smart Grid, as wireless technologies will 
be widely used in local-area systems, wireless jamming becomes the primary physical-
layer attack in such networks. 
For example, jamming attacks can lead to a wide range of damages to the network 
performance of power substation systems, from delayed delivery of time critical messages 
to complete denial-of-service. 
 

- MAC layer: MAC layer is responsible for reliable point -to- point communication. An 
attacker (e.g., a compromised device) may deliberately modify its MAC parameters (e.g., 
back off parameters) to have better opportunities in accessing the network. In the Smart 
Grid, spoofing is a relatively harmful threat at the MAC layer because it targets both 
availability and integrity. A spoofing attacker, by taking advantage of the openness of the 
address fields in a MAC frame, can masquerade itself as another device to send fake 
information to other devices. 
For example, in a power substation network, a malicious node can broadcast forged address 
resolution protocol (ARP) packets to shutdown connections of all IEDs (intelligent 
electronic devices) to the substation gateway node. 

- Network and transport layers: According to the TCP/IP protocol model; these two layers 
need to provide reliability control for information delivery over multi-hop communication 
networks. DoS attacks at both layer scan severely degrade the end-to-end communication 
performance, such as distributed traffic flooding and worm propagation attacks on the 
Internet. 

- Application layer: Lower layer attacks focus mainly on transmission bandwidth in 
communication channels, computers or routers. Application-layer DoS attacks, intend to 
exhaust resources of a computer, such as CPU or I/O bandwidth. Application layer attacks 
can easily overwhelm a computer with limited computing resources by flooding 
computationally intensive requests. As millions of computing and communication devices 
in the Smart Grid are equipped with limited computational abilities, they can be potential 
victims of application-layer DoS attacks 
 

2-  Attacks targeting integrity and confidentiality 
 

Different from DoS attacks that can be launched at various layers, attacks targeting integrity 
and confidentiality in general occur at the application layer, since they attempt to acquire or 
manipulate data information in the Smart Grid. Such attacks attempt to stealthily modify data 
in order to corrupt critical information exchange in the Smart Grid. 

The target can be either customers’ information (e.g., pricing information and account 
balance) or status values of power systems (e.g., voltage readings and device running status). 
Because such information in power systems is valuable to both end users and utility companies, 
fault-tolerant and integrity-check methods are deployed in power systems to protect data 
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integrity. Compared with attackers targeting integrity, attackers targeting confidentiality have 
no intent to modify information transmitted over power networks. They eavesdrop on 
communication channels in power networks to acquire desired information, such as a 
customer’s account number and electricity usage. 
 
V. SMART GRID USE CASES WITH CRITICAL SECURITY REQUIREMENTS 

Power distribution and transmission operation systems are vital components in power 
systems, since they are responsible for reliable power delivery between generators and 
customers. There are millions of critical power equipment’s used for monitoring and control 
purposes; these devices are inter-connected with the SCADA sever for 
centralized management. According to, availability and integrity are crucial for such systems, 
whereas data confidentiality is less important because there is no customers’ private information 
involved. Next, we consider three key use cases with critical requirements of availability and 
integrity as shown in Fig (6). 

 
Fig (6): Key use cases in distribution and transmission Systems in the Smart Grid. 

 
Case 1: 

Represents local management in a power substation. A power substation network is a single-
hop network, consisting of a substation computer that serves as the gateway to outside networks, 
and tens of IEDs that consistently monitor all feeder equipments to ensure reliable operation in 
the substation. Local protection procedures will be triggered by IED-to-IED (peer-to-peer) 
communications once an abnormal status is detected. 

For legacy power systems, serial-port (e.g., RS232) based DNP3 is widely used for 
communications between power devices. In contrast, for the Smart Grid, Ethernet based IEC 
61850 has been already adopted in substations for efficient information exchange. In addition, 
the use of wireless communications (e.g., WiFi) is also proposed for power substation 
communication. Thus, a power substation network in Case 1 can be considered as (wireless) 
local area network (LAN). The potential cyber-attacks are defined as follows: 

 
DoS attacks: As IEC 61850 is based on Ethernet and TCP/ IP, IEDs in a substation can become 
targets of DoS attacks, such as traffic-flooding and TCP SYN attacks. However, local DoS 
attacks launched by compromised IEDs are limited in scale and may not lead to significant 
impacts on the communication performance, since there are limited number (tens) of IEDs in a 
power substation. Therefore, the threat of large-scale DoS attacks that overwhelm a substation 
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network is mainly from the outside of a substation. In this regard, the substation computer (the 
network gateway of the substation) becomes the primary target of TCP/IP DoS attacks. 
In other words, substation gateways must enforce strong access control and filtering policies 
for incoming communication flows. Furthermore, when wireless technologies are adopted in a 
substation, jamming attacks may become a primary security threat. Therefore, anti-jamming 
technologies need to be used to protect wireless communication in substations. 
integrity. In particular, spoofing attacks targeting the protection system should be a primary 
focus. 
For example, switches are used to protect power infrastructures in substations, when an IED 
detects an abnormal status (e.g. high current), it will send close/open messages to switches to 
balance the power load (or simply break the circuit for protection). If a spoofing attacker 
successfully masquerades itself as a monitoring IED, it could send false close/open messages 
to switches and lead the protection system to a mess-up status, resulting in potential loss of 
power supply for customers. Therefore, strong point-to-point authentication schemes should be 
enforced to prevent such spoofing attacks in substations. 
 
Case 2: 
 
Is about monitoring, control and protection, which are not limited in local- area systems. In this 
process, electronic device status and readings in local-area systems can also be delivered to the 
SCADA center for centralized management. As shown in Fig (5), Case 2 features a conventional 
server and client’s communication model in a multi-hop and hierarchical network, which is 
similar to the Internet and sensor networks. Therefore, network attacks are serious security 
threats to the Smart Grid in Case 2 as they are in conventional communication networks: 
 
DoS attacks: As the SCADA center serves as the sink node to which data packets are delivered, 
it becomes a primary target of distributed DoS (DDoS) attacks that can be launched from 
various local-area systems. 
Accordingly, the SCADA center can leverage existing DDoS attack defense strategies to 
countermeasure potential DDoS attacks. 
 
Attacks targeting integrity: As Case 2 features a conventional end-to-end communication 
model, the communication between power devices at local-area networks and the SCADA 
center should be protected by end-to-end authentication schemes to prevent substations from 
integrity attacks, such as relay or man-in the- middle attacks in which an attacker attempts to 
serve as an intermediate node between two nodes to inject falsified data during communication. 
 
Case 3: 
As shown in Fig (5), which represents a multi-hop and hierarchical communication network, 
where raw data samples of power signals are delivered from local-area systems to the SCADA 
center to perform state estimation. 
Case 3 appears to be very similar to Case 2 because they share the same network architecture. 
However, Case 3 features collecting correlated data samples from local-area systems in order 
to construct a global snapshot of power signal quality at a particular time instant. The difference 
is that in Case 3, all correlated data samples from different areas must arrive within a specific 
time interval, which is not required in Case 2. For example, in a wide-area measurement 
network, a PMU is used to accurately sample the power signal at an instant known as the time 
tag, and then transmit the sample with the time tag to the SCADA center or the phasor data 
concentrator (PDC). All samples with the same time tag must be collected in a timely manner 
to estimate the power signal quality for a certain time instant, which is called synchronization. 
Depending on applications, the frequency of synchronization is usually 15–60 Hz, leading to 
delay requirements of tens of milliseconds for PMU data delivery. This means that all correlated 
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samples with the same time tag must arrive within the interval of tens of milliseconds, which 
induces different security vulnerabilities from Case 2. 
 
DoS attacks: Similar to Case 2, data collection and aggregation in Case 3 is also vulnerable to 
DDoS attacks. 
Furthermore, the SCADA center may not be the primary target in this case; attackers can target 
local-area networks and launch relatively small-scale DoS attacks to delay or block data 
delivery from those systems. Since state estimation can be performed only when all data is 
sufficiently collected from local-area systems, such small-scale DoS attacks can result in partial 
unavailability of data samples for state estimation. Accordingly, the SCADA center cannot 
gather correct, global information of the power flow status from partial data samples. To prevent 
such attacks, countermeasures must be deployed in all local-area systems to ensure data delivery 
in a timely manner for reliable state estimation. 
 
Attack targeting integrity: The correlation between sampled raw data from different locations, 
in fact, increases the difficulty for attackers to falsify power status information to the SCADA 
center. Independent tamper of data or samples can easily be identified by the data-integrity 
detector at the SCADA center. Thus, attackers may cooperate with each other in order to 
successfully launch attacks targeting data integrity. For example, with the knowledge of a power 
system topology, false data injection attackers (or further, unobservable attackers) against 
power state estimation have to compromise a number of sensors to inject falsified information 
to the SCADA center, while passing data integrity check at the same time. Therefore, it is 
challenging for attackers to work cooperatively to corrupt data integrity. However, once a 
coordinated attack is successfully launched, it can bypass conventional bad data detectors and 
stealthily result in devastating impacts on power system operations. Thus, it is also challenging 
to design countermeasures to detect and counter-react such attacks. 
 
VI. LAST RECENT ATTACKS ON SMART GRIDS 
 
A malicious software cyber-attack on the power grid’s Distributed Energy Resource 
Management System (DERMS), which manages requests and commands for the power system 
would damage transformers that are costly and difficult to replace. 
Cyber-attacks against computers that distribute electrical power over wide areas could be 
jammed or disrupted through wireless signals. And cyber attackers could cause widespread 
power outages or cascading power failures by gaining access to distribution systems and 
equipment via remote hacking. 
In the U.S., a lot is being done to protect the power grid from cyberattacks. The power grid, or electric 
transmission system, is required to meet the North American Electric Reliability Corporation's Critical 
Infrastructure Protection (NERC CIP) Standards. These standards include mandatory requirements for 
specific actions to protect the power grid from both physical and cyberattacks. CIP Standards are updated 
regularly to address emerging threats and are vigorously enforced by independent auditors backed by 
Federal Energy Regulatory Commission [FERC] fines for noncompliance. Even with these evolving 
standards, we’ve seen attacks against power grid control systems create widespread outages twice in 
Ukraine. Overall, the U.S. industry is improving defenses and the U.S. government is conducting 
research to add new restoration capabilities. 
 
In recent years, power system has faced several cyber related attacks on the power grid are 
discussed in the 
following section: 

 
1- According to the DHS (Department of Homeland Security), attackers accessed US 

government networks by initially targeting with malware small commercial third-party 



 
 

Cigre Egypt 2019 

422 
 

networks that were less secure, attack targets that include "energy, nuclear, commercial 
facilities, water, aviation, and critical manufacturing sectors" since March 2016, DHS said. 
 

2- In 2015 and 2016 , a cyber-attacks in Ukraine left nearly a quarter-million people without 
power. When there were anomalies in the Ukrainian power grid again there are some 
important differences between the 2015 and 2016 cases. Most significant was that the first 
incident lasted far longer; the more recent attack took place around midnight on 17 
December and lasted only a little more than an hour. The attacks were also different in 
type. The 2016 attack was against a transmission facility, while the 2015 one reportedly 
affected a distribution facility. 

 
- Ukraine attack: 

Inside the a Ukraine control center, which distributes power to the region’s residents, 
one worker was organizing papers at his desk that day, the cursor on his computer 
suddenly skittered across the screen of its own accord, He watched as it navigated 
purposefully toward buttons controlling the circuit breakers at a substation in the region 
and then clicked on a box to open the breakers and take the substation offline. A dialogue 
window popped up on screen asking to confirm the action, and the operator stared 
dumbfounded as the cursor glided to the box and clicked to affirm. 
The operator grabbed his mouse and tried desperately to seize control of the cursor, but 
it was unresponsive. Then as the cursor moved in the direction of another breaker, the 
machine suddenly logged him out of the control panel. Although he tried frantically to 
log back in, the attackers had changed his password preventing him from gaining re-
entry. All he could do was stare helplessly at his screen while the ghosts in the machine 
clicked open one breaker after another, eventually taking about 30 substations offline. 
The attackers didn’t stop there, however. They also struck two other power distribution 
centers at the same time, nearly doubling the number of substations taken offline and 
leaving more than 230,000 residents in the dark. And as if that weren’t enough, they 
also disabled backup power supplies to two of the three distribution centers, leaving 
operators themselves stumbling in the dark. 
Attackers first doing reconnaissance to study the networks and siphon operator 
credentials, then launching a synchronized assault in a well-choreographed dance. 
The control systems in Ukraine were surprisingly more secure than some in the US, 
since they were well-segmented from the control center business networks with robust 
firewalls. But in the end they still weren’t secure enough—workers logging remotely 
into the SCADA network, the Supervisory Control and Data Acquisition network that 
controlled the grid, weren’t required to use two-factor authentication, which allowed the 
attackers to hijack their credentials and gain crucial access to systems that controlled the 
breakers, more than two months after the attack, the control centers are still not fully 
operational 
Attackers overwrote firmware on critical devices at 16 of the substations, leaving them 
unresponsive to any remote commands from operators, a spear-phishing campaign that 
targeted IT staff and system administrators working for multiple companies responsible 
for distributing electricity throughout Ukraine, three of the companies with a malicious 
Word document attached. When workers clicked on the attachment, a popup displayed 
asking them to enable macros for the document. 
If they complied, a program called BlackEnergy3—variants of which have infected 
other systems in Europe and the US—infected their machines and opened a backdoor to 
the hackers. 
The initial intrusion got the attackers only as far as the corporate networks. But they still 
had to get to the SCADA networks that controlled the grid. The companies had wisely 
segregated those networks with a firewall. 
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Over many months they conducted extensive reconnaissance, exploring and mapping 
the networks and getting access to the Windows Domain Controllers, where user 
accounts for networks are managed. Here they harvested worker credentials, some of 
them for VPNs the grid workers used to remotely log in to the SCADA network. 
Then they wrote malicious firmware to replace the legitimate firmware on serial-to-
Ethernet converters at more than a dozen substations (the converters are used to process 
commands sent from the SCADA network to the substation control systems). 
more about the accident and hacker tactics at https://www.us-cert.gov/ncas/alerts/TA18-
074A. 

3- A German power utility specializing in renewable energy was hit by a serious cyber-
attack in 2012 that lasted five days, knocking its internet communications systems offline, 
in the first confirmed digital assault against a European grid operator. “It was a DOS 
(‘Denial Of Service’) attack with a botnet behind it (a network of private computers 
infected with malicious software and controlled as a group without the owners' knowledge, 
e.g., to send spam messages). It blocked the internet domains so that in the first hours, all 
email and connectivity via the internet was blocked. DOS attacks involve thousands of 
requests being sent to a server each second to clog up a system’s functioning. 
Electricity supplies were not affected in the onslaught, which was “serious but not 
dangerous”. Email services were quickly repaired, although a fix to the problem was only 
discovered five days later. 

4- In the middle of 2010, a computer worm "Stuxnet" was discovered which spreads using 
"Windows" operating system and targets Siemens industrial software and equipment to 
unstable power system operation. The worm leveraged a previously unknown Windows 
vulnerability that allowed it to spread from computer to computer, typically via USB sticks. 
Stuxnet could be used to cause a significant amount of damage if it is not properly removed. 
Researchers at Symantec have cracked Stuxnet's cryptographic system, and they say it is 
the first worm built not only to spy on industrial systems, but also to reprogram them. 
Once installed on a PC, Stuxnet uses Siemens' default passwords to seek out and try to gain 
access to systems that run the WinCC and PCS 7 programs -- so-called PLC 
(programmable logic controller) programs that are used to manage large-scale industrial 
systems on factory floors and in military installations and chemical and power plants. 
The software operates in two stages, First it uploads configuration information about the 
Siemens system to a command-and-control server. Then the attackers are able to pick a 
target and actually reprogram the way it works. "They decide how they want the PLCs to 
work for them, and then they send code to the infected machines that will change how the 
PLCs work. 
Stuxnet comes with a root kit, deigned to hide any commands it downloads from operators 
of the Siemens systems. Because of that, Symantec warns that even if the worm's Windows 
components are removed, the Siemens software might still contain hidden commands. 
Symantec advises companies that have been infected to thoroughly audit the code on their 
PLCs or restore the system from a secure backup, in order to be safe. 
Stuxnet has infected systems in the U.K., North America and Korea, however the largest 
number of infections, by far, have been in Iran. 
This type of cyber-attack based on the intrusion of computer virus targeting industrial 
power plant introduces new threads to both cyber and physical systems [6, 7]. 
On August 14, 2003, large portions of the Midwest and Northeast United States and 
Ontario, Canada, experienced an electric power blackout which remained for up to 4 days 
in some parts by affecting around 50 million people and 61,800 megawatts (MW) of 
electric load in some parts of the United States. Although this historical large scale blackout 
is not directly related to malicious activity of the cyber terrorists, it is caused by a failure 
in the software program of the cyber system [3]. 

 

https://www.us-cert.gov/ncas/alerts/TA18-074A
https://www.us-cert.gov/ncas/alerts/TA18-074A
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5- There is a misconception that a substation must have an Internet connection to be a 
target. This is not true, for example, an inadvertent interconnection was made from a third-
party vendor who connected their computer to install a patch on an “isolated” frame relay 
network. The network became connected to the Internet because the third-party vendor’s 
computer had a broadband Internet wireless card installed. A similar scenario introduced 
the “Slammer” virus into an industrial plant. The virus originally came from the Internet, 
and then being network-aware, it propagated via a T-1 line and saturated the plant’s 
networks with traffic. There was no connection to the Internet and the intranet of the 
company was isolated. The company met the NERC CIP requirements regarding routable 
protocol, but it was still susceptible to this type of threat [5]. 

 
6- Fiber optics is a common communications medium that many presume to be secure, but 

if a person can acquire physical access to the fiber, it is easy to compromise. Fiber optics 
is just as vulnerable to hackers as a wired or wireless network [5]. 

 
“There have been few public reports of fiber hacks: In 2000, three main trunk lines of 
Deutsche Telekom were breached at Frankfurt Airport in Germany. In 2003, an illegal 
eavesdropping device was discovered hooked into Verizon’s optical network; it was 
believed someone was trying to access the quarterly statement of a mutual fund company 
prior to its release—information that could have been worth millions. International 
incidents include optical taps found on police networks in the Netherlands and Germany, 
and on the networks of pharmaceutical giants in the United Kingdom and France.”[5] 
As ICS and SCADA is playing a vital role in a smart grid infrastructure, the cyber security 
concern in increasing rapidly. 
 

VII. NETWORK COUNTERMEASURES AND ATTACK DETECTION FOR POWER 
NETWORKS [4] 
 
The Smart Grid must be able detect and counteract attacks that may be launched anywhere in 
communication networks. We summarize some of the attacks and its countermeasures in table 
(2) below. 
 
VIII. RECOMMENDATIONS FOR ATTACK MITIGATION IN POWER NETWORKS 
 

1- Future changes to IEC 61850 should include specific cyber security testing requirements 
for factory acceptance testing, site acceptance testing and scheduled maintenance testing 
as an integral part of the normal functional testing [4]. 

2- Rigorous testing of individual system components, complemented by integrated systems 
testing, and to meet international standards for cyber security as discussed in section (-
)can help mitigate cybersecurity risks and develop better system responses when 
vulnerabilities are breached. 

3- Protection of grid operational information dealt with an Authority that regulating cyber 
security and privacy issues and verify the compliance with cyber security standards are 
executed. 

4- Although anti-virus is helpless against zero-day attacks, P&C engineers should ensure 
that up-to-date patches for perimeter defense of the P&C network to block known threats 
are installed [4]. 

5- In addition to anti-virus perimeter protection, P&C engineers should implement a strong 
whitelisting policy to protect access to the P&C network and components 

6- A whitelist is an approved list or register of a particular privilege, service, mobility, 
access or recognition. Only those on the list will be accepted, approved or recognized. 
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Whitelisting is the reverse of blacklisting, the practice of identifying those that are 
denied, unrecognized [4]. 

7- P&C engineers should review all wireless remote access to the P&C system. Depreciate 
wireless access using wired equivalent privacy (WEP) encryption and their interface to 
the P&C system network declared “untrusted6.” [4] P&C engineers should receive 
adequate cybersecurity awareness training to improve their ability to sense or to detect 
cyber-initiated fault indicators, to understand the implication of these indicators in terms 
of the behavior of the P&C applications, and to predict or anticipate variances from 
predefined protection responses [4]. 

8- P&C engineers and IT network engineers should review and approve the FAT and SAT 
test plans and procedures to ensure they adequately include consideration of cyber 
security mitigation requirements [4]. 

9- P&C engineers and IT network engineers should audit and verify the proper security 
configuration of all P&C assets in the substation environment to make sure they have 
the correct settings [4]. 

10- One area of improvement is timely reporting. To be useful to P&C engineers and to 
provide coherent summaries for management oversight, reports should contain 
normalized data. It is important to correlate for specific purposes events, data and 
contextual information from disparate sources. For example, P&C network security 
monitoring, P&C user activity monitoring, and compliance reporting [4]. 

11- Modern substation protective relays and communications processors should support 
strong passwords. Strong passwords consist of at least six characters, have at least one 
special character or digit, use mixed-case sensitivity, and do not form a name, date, 
acronym, or word each password shall be changed at least annually, or more frequently 
based on risk[5]. 

12- Communications processors and all protective relays in the modern substation should 
support multilevel password authentication schemes (see Fig (6)). 
This multilevel password authentication scheme provides a much stronger access-
control mechanism than single-level password authentication for the following reasons:  
An attacker must compromise two independent passwords to reach Level 2 or 
BREAKER Level access. The system administrator can grant limited, read-only access 
to devices or to a group of users without giving them the ability to change critical device 
settings or operate control points.[5] 

13- The modern substation’s protective systems should also temporarily lock out the 
communications port in the event of three failed password-entry attempts [5]. 

14- It is important for modern substation IEDs to have a dedicated alarm contact that will 
pulse in response to an event occurring, for example: 
- Whenever there are three failed login attempts in a short time period. 
- Whenever a user attains a level that settings may change. 
- Whenever a user saves a new settings configuration to the device. [5] 
 

Fig (6): Multi-level password authentication [5] 
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IX. Protocols and standards for secure power system communication 
 
Finally, it should be carefully noted that compliance with standards does not necessarily make 
the grid secure “Cybersecurity technologies and compliance with standards alone are not 
enough to achieve secure operations without policies, ongoing risk assessment, and training.” 
Federal and state regulators are developing best-practice frameworks and model processes for 
response to and recovery from cyberattacks, based on a risk management approach, to help 
improve secure operations across the electric sector. 
The principal regulations regarding grid cybersecurity are the NERC Critical Infrastructure 
Protection (CIP) standards, which apply to the U.S. bulk power system, NIST guidelines for 
smart grid cyber security. 
Federal Energy Regulatory Commission (FERC) and Department of Homeland Security DHS 
responsible for cybersecurity of the electric power grid. 
There are several standards which apply to substation cyber security some of which are outlined 
in Table (3). 
 
Table (3): Standards applicable to cyber-security 
 
Standard Country Outline 
NERC CIP (North American 
Electric Reliability 
Corporation) 

USA Framework for the protection 
of the grid critical Cyber 
Assets 

IEEE 1815 
Electric Power Systems 
Communications-Distributed 
Network Protocol (DNP3) 

International the standard includes features 
for 
Secure Authentication 
Version 5. The previous 
version of 
secure authentication in 
IEEE 1815-2010 used pre-
shared 
keys only. The new version is 
capable of using Public Key 
Infrastructure. 

ANSI ISA 99 USA Relevant for electric power 
utility 
completing existing standard 
and 
identifying new topics such 
as patch management 

IEEE 1686 International International Standard for 
substation IED cyber security 
capabilities 

IEC 62351 International Power system data and 
communication protocol 

ISO/IEC 27002 International Framework for the protection 
of the grid critical Cyber 
Assets 

NIST SP800-53 (National 
Institute of 
Standards and Technology) 

USA Complete framework for 
SCADA SP800-82 and 
Industrial 
control system cyber security 
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IIX. CONCLUSIONS AND RECOMMENDATIONS 
 
Cyber security in the Smart Grid is a new area of research that has attracted rapidly growing 
attention in the government, industry and academia. cyber security is still under development 
in the Smart Grid. Every month there are reports of threats and attacks from hackers, attempting 
to breach sensitive control systems of power utilities in the world. 
In this paper, detailed survey of worldwide experiences for cyber security for Electric Utilities 
has been done. 
Details about necessary information regarding computer systems and networks needed for 
power engineers have been illustrated in a simple and direct manner. Recommendations and 
lessons learned have been illustrated. Proper attention and recommendations for the Electricity 
Utilities in Egypt are presented as follow: 
• Creating the Local Egyptian requirements and standards of cyber security. 
• Based on the recommendations, a High-Level Committee has been formed responsible for: 

- cyber security implementation, 
- cyber security awareness, 
- Monitoring, detection & studying the attacks on the grid if any, solve it, make a 

summary of the attack & the implemented solutions. 
- Prepare recommendations to prevent the grid from this attack if it happens again and 

tell the employees that related to this area. 
• It is recommended that for critical equipment, like protection numerical relays, don't change 

the configuration or the setting of the equipment remotely (like in automation stations) any 
change must be done to the setting of the equipment should be locally (one way from device 
to master station) 
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SUMMARY 
 

Following the success of liberalization of various sectors of the economy, electricity markets underwent 
a similar transition. Vertically integrated utilities, which managed generation, transport and supply of 
electricity, were unbundled, and competition in generation and supply was introduced. Given the 
differences in electricity market structures and regulatory policies around the world, there is no single 
standard market model. 
 
The electricity sector in Egypt is led by the Ministry of Electricity and Renewable Energy (MoERE) 
which was established in the early 1960s, with main mandate of securing the electricity supply on the 
national level. Under the Ministry there are five electricity authorities beside the Egyptian Electricity 
Holding Company (EEHC). EEHC is a joint stock company established by law 164 of year 2000 and 
have sixteen subsidiaries; six Production/generation companies, nine distribution companies and the 
Egyptian Electricity Transmission Company (EETC), all of which are affiliated and controlled by EEHC. 
 
 
The new Electricity Law No. 87/2015 seeks to reform in depth the structure of the sector. The aim is to 
progressively liberalize the market so as to address the rapidly growing demand and facilitate the addition 
of generation capacity either by the State or by the private sector as well as to create competition and 
raise efficiency while making investment attractive in the areas of production and sale of electricity. This 
liberalization is expected to be achieved, in a first phase, by distinguishing two segments of the market: 
(a) a regulated segment for customers of the medium and low voltage network where the Transmission 
System Operator (TSO) will be transformed into a wholesale public trader; and (b) a competitive market, 
where a new category of suppliers grouping both distribution companies and new intermediaries has 
been created; generation companies can sell their electricity through those suppliers or directly via 
bilateral contracts to eligible customers linked to the extra high voltage and high voltage networks. More 
than 100 such bilateral contracts have already been concluded. 
 
This paper illustrates the current status and challenges of power sector in Egypt, power market reform 
in Egypt and introduce Egypt as a hub for interconnected electricity markets in the region. 

 

(*) e-mail: dalal.helmi@eehc.gov.eg, dalal_helmi@yahoo.com 
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I. INTRODUCTION 

Since the establishment of the electricity system in the century before, it was believed that the 
electricity sector is managed by governments, this situation has persisted for several decades. Over 
time, this principle has changed as a result of policy intervention in that direction. In 1950s and 
1960s, the global trend has become that the electricity system must be managed by the private 
sector, which managed more efficiently. With implementation some negative aspects emerged, 
that governments and the private sector appearing to disagree on some issues. Where governments 
want to deliver electricity to the citizen at the lowest cost and the private sector wants to make high 
gains, the state wants to deliver electricity to all regions, while the private sector wants to deliver 
electricity to the higher-paying areas. Therefore, it had been seen that there was no way better than 
competition in the electricity industry which ensure that the situation to be more transparent and 
costs were more credible. 
The lack of electric power supply and the need for more generated and distributed power in the 
electric system to satisfy the demand at acceptable prices have become a tremendous problem 
worldwide. Electricity deregulation provided a solution to overcoming this problem by removing 
the governmental regulations on the electricity industry in order for the free market to take over. 
The success of liberalization of various sectors of the economy, electricity markets underwent a 
similar transition. Vertically integrated utilities which managed generation, transport and supply 
of electricity were unbundled, and a competition in generation and supply was introduced. 
Electricity deregulation is aiming to break up the traditional vertically integrated electric power 
system into separate identities [1]. However, the main system infrastructure and equipment remain 
the same; each identity has become dedicated to performing one of the following roles; generation, 
transmission, or distribution. 
To facilitate the deregulation, various challenges have to be overcome. These challenges can be 
categorized into globally-common or country-specific issues. International experiences showed 
that the need for workable plans and a timeline to achieve a reliable electric deregulated system 
are essential. Given the differences in electricity market structures and regulatory policies around 
the world, there is no single standard market model. However, from the several market models 
implemented in different parts of the world, it is possible to distinguish two main types of market 
organization, (i) Power Pools or centralized markets and (ii) Bilateral Contracts Model or 
decentralized markets. Most electricity markets can be classified as of being of type (i), (ii) or its 
variants. 
Moreover, the transition from the vertically integrated system to the fully competitive electricity 
market should be smooth. It starts with a preparation period, which is followed by various phases 
of market development and implementation. 
 

2. ORGANIZATION OF ELECTRICITY MARKETS 

The design of electricity markets is not an exact science. The degree of centralization in each 
market 
and the nature of the traded products vary. Some power systems feature a pool while others feature 
a power exchange, where: Pools are the result of a public initiative and participation is mandatory, 
and Power exchanges are the result of a private initiative and participation is voluntary. 
 

2.1. Power Pools 

In a power pool, all generating companies offer price-quantity pairs for the supply of electricity. 
This forms an aggregated supply curve. The offered prices can be based on predetermined variable 
costs (such pools are referred to as Cost Based Pools) or the generators can be free to offer any 
price they like (such pools are referred to as Price Based Pools) [2]. On the demand side, the market 
operator may forecast demand and dispatch generating units against this. This is called a one-sided 
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pool. In more sophisticated pools (two-sided pools), the market operator may dispatch on the basis 
of a demand curve created from price-quantity bids made by the buyers on the market, such as 
distribution companies and eligible consumers (Figure 1). 
 

 
Figure 1.  Price discovery - either at the intersection of demand and supply, two-sided pool 

(left) or supply and predicted demand, one-sided pool (right). 
 

2.2. Bilateral Contracts Model 

The alternative to a power pool model is a market mechanism based on physical bilateral contracts. 
This means that sellers and buyers freely enter into bilateral contracts for power supply. Sellers 
will normally be generators and buyers will be distribution companies and eligible consumers. 
However, generators could also become a buyer (e.g. in case they have a shortage of generation). 
Likewise, consumers can become sellers. Brokers can act as an intermediate between buyers and 
sellers dealing in standard contracts. These types of transactions are referred to as Over the Counter 
(OTC) [2]. In reality, there will always be differences between the contracted volumes and the 
actual metered volumes. This means that the system operator will have to determine these 
differences (or imbalances) and will have to settle them. In more advanced markets, the system 
operator runs a balancing market (or regulating power market) in order to establish a market-based 
price for the settlement of these imbalances. 
 

Voluntary Power Exchange: 

In parallel to the bilateral contracts, a voluntary power exchange could be set up on the initiative 
of the market participants. A power exchange could offer forward, day-ahead and intra-day 
markets. The power exchange will have no metered generation or consumption and will therefore 
never have imbalances. 

                
Figure 2. sequence of electricity markets 
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Forward markets are usually bilateral, or “Over the Counter”, markets. Many power exchanges 
also allow participants to trade forward products (for example, the EEX for German and French 
products). Participants can use these financial markets to hedge their physical position from years 
to days in advance. While they often constitute the forum where most exchanges take place, prices 
are based on expectations of spot market prices. The Day-ahead market gives market participants 
the opportunity to fine-tune their portfolios for a number of time periods (for example, hours or 
each 15 minutes) [3]. Many power systems now also feature intraday markets where participants 
can adjust their positions taken in the day-ahead markets. The Transmission System Operator 
(TSO) is responsible for procuring the services necessary to manage imbalances, by purchasing 
electricity in the day-ahead market or in real-time. Systems differ in the way TSOs charge 
imbalances. 
 
3.  EGYPTIAN ELECTRICITY PRESENT STRUCTURE 

The electricity sector in Egypt is led by the Ministry of Electricity and Renewable Energy 
(MoERE) which was established in the early 1960s, with main mandate of securing the electricity 
supply on the national level. Under the Ministry there are five electricity authorities beside the 
Egyptian Electricity Holding Company (EEHC).  For year 2016/2017 the system installed capacity 
reached 45008 MW and Energy generated amounted 189550 GWh. Share of different resources in 
electricity installed capacity were: Hydropower 12850 Renewable Energy 2780 and the rest 
161617 is thermal (fossil energy) resources. Three generation BOOT projects constructed and 
managed by private sector since 1996.  
 
EEHC is a joint stock company established by law 164 of year 2000 and have sixteen subsidiaries 
which are affiliated and controlled by EEHC until today; six Production/generation companies, 
nine distribution companies and the Egyptian Electricity Transmission Company (EETC) which 
is the only company licensed for purchasing and transmitting electrical energy generated from all 
generators connected to the Extra High Voltage (EHV) and High Voltage (HV) networks  
(figure 2). In turn, it sells electricity to all Distribution Companies (DCs) as well as directly 
contracting (about 108 consumers) connected to the EHV and HV networks. This Single Buyer 
Model is operating on a cost-based power pool which is designed to link the electricity companies 
to operate through formal agreement among them, including a billing and payment system, under 
the supervision of EEHC, EETC is responsible for power exchanges with neighboring countries 
over the present interconnections. Egypt has a largely monopolistic electricity market structure, 
with the Egyptian Electricity Holding Company (EEHC) owning most of the generation capacity, 
the transmission system and almost all of its distribution network.  Since EEHC establishment ,it  
sets   its vision to be "Global Leadership and Excellence for Sustainable Electric Power" and its 
mission to "provide sustainable electricity from all sources to all customers, in accordance with 
international standards and competitive prices, through institutional work that adopts quality 
policies, the environment based on human and technological capabilities of high efficiency, and 
the completion of business in a manner that is morally responsible, to the benefit of its` customers 
, employees and community". Electricity sector is overseen by the Egyptian Electricity Utility and 
Consumer Protection Regulatory Agency (EgyptERA), which was established by Presidential 
Decree 329 in the year 2000 as independent from the Ministry of Electricity and Energy and the 
service providers. The Agency is responsible for granting licenses for generating and distributing 
electricity, prepare necessary studies for end users tariff adjustments to be presented to the cabinet 
for approval, provide customer dispute resolution and for overseeing the sector’s compliance to its 
rules and regulations. 
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Figure 2.  Present Egyptian Electricity utilities structure 
 
In general, the aim of the Ministry of Electricity and Renewable Energy (MoERE) and the 
Egyptian Electricity Regulatory Agency (EgyptERA) is to gradually create a liberalized electricity 
market in Egypt.  
 
4. THE CHALENGES OF POWER SECTOR IN EGYPT AND ACTIONS TAKEN 

It is important to mention that the electricity sector faced big challenges during the period from 
year  2011- 2014 due to ;(i) political and economic instability resulted from the two revolutions 
,(ii) declining of natural gas (NG) productions led to shortage in the NG supply to  generators , 
(iii) delay in the construction of the new power plants , (iv) unexpected high growth in demand 
,(v) low collection rate and increase of commercial losses , (vi) load shedding which reached more 
than 4000Mw, (vii) low electricity tariffs (less than 40% of the cost) ,and (viii) high liabilities and 
week financial ratios. 
Ministry of Electricity and Renewable Energy (MoERE) supported by the Government of Egypt 
(GOE) set a quick recovery plan to overcome these challenges and achieve sector security, 
sustainability and governance as follows: 
1- Set a five-year price trajectory plan which has been approved by Cabinet and publicly 

announced with the July 2014 energy subsidy reforms. The price trajectory incorporated 
differentiated peak and off-peak prices that will help to stimulate energy efficiency. By 2019, 
the electricity sector was expected to be self-sustaining although financially neutral cross-
subsidies will remain across customer groups. (This targeted date was extended till 2022 due 
to the devaluation of the Egyptian Pound). 

2- Adopting a fast track plan to meet the demand by using simple cycle gas turbine, of 3636 MW 
which are planned to be converted into combined cycle plan in the future. 

3- Executed a first-class Contract based on EPC+ finance for 14.4 GW Combined cycle Power 
Plants with Siemens Company to be commissioned 2016-2018. 

4- Supreme Energy Council approved the participation of RE of 20% of electricity generation by 
2022, to be executed by both public (NREA) and private sector through merchant projects, 
BOO and FIT already 250MW BOO wind project and 1500MW FIT tariff PV projects secured 
financing and under construction 

5- EEHC prepared a long-term plan which includes diversified generation technology Gas, coal, 
nuclear, renewable and energy efficiency. 

6- EEHC started to implement corporate governance measures in EEHC and the affiliated 
companies, internal audit charter approved by EEHC board and internal audit board committee, 

NPP 
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internal audit & Compliance departments formed in EEHC and all affiliated companies and 
the draft electricity sector governance code is under review to be issued once approved. 

7- Several legislations issued, renewable energy law No 203 for the year 2014, Investment law, 
Fit regulations and Law 87, 2015 for restructuring electricity sector. 

 
5.  THE PROPOSED REFORM OF THE EGYPTIAN ELECTRICITY MARKET 

Egypt aims in the first stage (Phase-I) of gradually opening its liberalized electricity market to 
create a two-tiered electricity market (figure 3). The first tier of the market will be competitive and 
will comprise high voltage customers, who will be free to choose among electricity suppliers on a 
bilateral contract basis and freely negotiate electricity prices with generators and managed by 
market operator (MO), those called Eligible Customers (ECs). The remaining second tier of the 
market will pay a regulated tariff and will purchase electricity from the distribution companies 
who will be supplied by a single Wholesale Public Trader (WPT), those called Non-Eligible or 
Captive Customers. On July 2015 The Electricity Law No 87 had been issued, contains a number 
of important measures that will allow the modernization of the regulatory framework for electricity 
sector, these include the creation of a wholesale market, the establishment of an independent 
Transmission System Operator (TSO), and the strengthening of the electricity regulator. the 
Egyptian Electricity Transmission Company (EETC), which is currently a subsidiary of EEHC, 
will be converted into a fully independent Transmission System Operator (TSO). The 
Transmission System Operation will provide balancing service to the competitive electricity 
market, while financial settlement will be undertaken by the Market Operator (MO) at regulated 
tariffs. The Transmission System Operator will provide third party access to its own networks 
without any preferential treatment so as to provide electricity distributors and consumers with their 
electricity requirements in accordance with approved transmission rules, suppliers will be the third 
parties responsible for purchasing electricity from the generators on behalf of the Eligible 
Customers (ECs) [1].  
            

 
                      Figure 3. Proposed Structure of Egyptian Electricity Market (Phase-I)  

 
To smoothly transfer into a workable market, competition will be introduced through developing 
part of the market against the regulated tariff as an important driver of market opening to private 
investors and gradual transfer of consumption from the regulated price regime as specified in 
Phase-I. This transformation requires a detailed market design and market rules that should reflect 
the requirements of each phase of the proposed market. Focusing on Phase-I, many basic principles 
are followed such as:  
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• Endorsement of straight forward rules and structures to gradually develop the required new 
capacities building (staff training and experience, international experience transfer…, etc).  

• Splitting the commercial part of the competitive segment from the regulated tariff segment to 
ensure market competitiveness and fairness among market participants. 

By the end of Phase-I, the previous mentioned goal should be achieved with satisfactory operation 
with more active contribution from private sectors under market surveillance through the 

EgyptERA. 
 
5.1 Phase-II: Introduction of more ECs to the Competitive Market and Liberalizing more Market 
Services: 
In this phase, the balancing and ancillary services should be liberalized. In the meanwhile, a  
development of a Distribution System Operator (DSO) and suppliers (a third party who purchase 
electricity from the Traders or DSO on behalf of the ECs connected to distribution levels) should 
be in action. However, from the regulatory point of view, a workable Distribution Code should be 
approved; in addition, a contractual relationship between market participants should be developed. 
Based on satisfactory operation of the developed DSO and suppliers and fair market surveillance 
through EgyptERA, an upgrading of the metering and IT infrastructure to accommodate the new 
ECs is essential to start Phase-III. 
5.2 Phase-III: Expanding the Electricity Market and Developing the Retail Market:  
During this phase, all customers other than the residential customers (due to their huge number in 
the system) will become part of the liberalized market. After assuring satisfactory operation, 
adequate metering systems for the residential customers should be considered for phase-IV. 
5.3 Phase-IV: Fully Functioning Competitive Electricity Market:  
Finally, all customers become part of the liberalized market and a continuous operation of the 
market should be in action. 
 
6. THE CURRENT SITUATION IN EGYPTIAN ELECTRICITY MARKET 

The Egyptian electricity sector had taken active steps to fulfill reform requirements, that Electricity 
law No. 87 of 2015 was issued with the aim of operating the electricity system in accordance with 
economic and environmental standards that guarantee equal opportunities in a manner that 
preserves the interests of electricity producers and consumers. Technical support to work on 
restructuring the Egyptian electricity transmission company in preparation for the stage of gradual 
opening of the Egyptian electricity market to be a competitive market for eligible customers and 
regulated one for un-eligible customers has been done. In the initial phase of market opening 
(“Phase 1”) in Egypt, it is intended that approximately 108 HV customers would be eligible to 
seek supply from alternative sources [4]. The remaining customers (approx. 85% of the market by 
energy) would remain in the regulated market.  

 
Figure 4.  Preparatory Phase of Market Opening 
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In this regard, EEHC took relevant steps which include agreements and contracts, correlations and 
financial issues with EETC, and to develop and improve the status of the production companies in 
proportion to the gradual opening of the electricity market, qualifying the distribution companies 
to work in the electricity market.  
 
7. EGYPT AS A REGIONAL HUB FOR INTERCONNECTED ELECTRICITY 

MARKETS 

Egypt has a distinctive location between the three continents of Africa, Asia and Europe. With this 
in mind, the north African country is planning to implement a strategy for an electricity connection 
and electricity market plan between the three continents, that Egypt is actively participating in all 
regional electrical interconnection projects (figure 5). Ministry of Energy & Renewable Energy 
(MoERE) aims to position the country as a regional hub for electricity transfer and circulation. 
Due to the country doubling its production capacity and increased transmission and distribution 
projects, it will be in a position to export any excess, the electric surplus would be exported to a 
number of countries, including Jordan, Libya, and Saudi Arabia, as well as some African countries 
[5]. Egypt is one of the leading countries in thinking about regional and international electric power 
interconnection projects with neighboring countries since 1998. The projects of electric power 
interconnection have started with the interconnection project with Jordan and the foundations of 
the five-countries electricity grid which became the eight countries in later years. That there is an 
Arab vision of the comprehensive Arab electricity interconnection and electricity markets led by 
the Arab Ministerial Council for electricity with the support of leaders of Arab countries. 
 

 
Figure 5.  Electrical Interconnection Projects 

 
The project of the electrical interconnection with Saudi Arabia is one of the best examples of 
electrical interconnection and how to benefit from the different daily and summer peak times for 
the two countries, the memorandum of understanding for the project was signed in June 2013 and 
the project's interconnection, operation and trade agreements were also signed. Egypt also looking 
to implement electricity interconnection projects with African countries to benefit from the 
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enormous potential of hydropower sources in Africa, Egypt has close relations with the Nile Basin 
countries in many areas in terms of the natural link between these countries through the Nile Basin, 
Egypt is a member of the Organization of the Eastern Africa power pool (EAPP). There is a current 
study linking the Eastern Africa power pool (EAPP) and the Southern Africa power pool (SAPP) 
to create an energy hub that runs from Cape Town in the south to Cairo to the north, thus connecting 
the electricity markets to both East and South Africa. Also, a memorandum of understanding was 
signed in February 2017 between the Egyptian Electricity Holding Company and Cypriote 
company (Euro-Africa Interconnector) to prepare a technical and economic feasibility study for 
the electricity interconnection project between Egypt, Cyprus and Greece, making Egypt a hub for 
electricity interconnection and electricity market between three continents.  
 
Egypt is also a member of several international bodies around the Mediterranean basin such as 
MED-TSO, the Union for the Mediterranean (UFM) and other international organizations and 
participates in all Euro-Mediterranean forums for the electricity markets and renewable energy, 
the electricity connection between the North and the South of the Mediterranean will absorb the 
huge electricity production from new clean energy projects in Egypt. As part of the Egyptian 
Electricity Sector's efforts to transform Egypt into a hub for energy and electricity markets, the 
Memorandum of Understanding (MoU) was signed with the global Energy Interconnection 
Development and Cooperation Organization (GEIDCO), which includes supporting the 
cooperation between Egypt and the Organization in the fields of conducting research on the 
development of energy strategy and planning in Egypt and strengthening the electric 
interconnection with neighboring countries (figure 6).  

 
Figure 6. Proposed Global Interconnection 

 

8. CONCLUSION AND RECOMMENDATIONS 

Present electricity market restructuring requires a lot of perquisite work to be initiated smoothly in 
market structure transformation. It also has various requirements such as tariff reform, 
restructuring of EETC and EEHC, legal and regulatory frame work to achieve a fully competitive 
electricity market. The transition into the competitive market can take a long time since all 
international experiences showed that it has been taken much longer than originally expected. 
Successful implementation of the preparatory phase and also phase-I is the cornerstone in the 
development of the market, so several action in phase-I have to be taken smoothly. Restructuring 
GENCOs is a key element to adapt the new electricity market. The restructuring of EETC is going 
on planned basis as mentioned in phase-I. Capacity building and development is crucial in this 
stage to face the foreseen challenges in the future resulted from such new market era. 
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SUMMARY 

 
Egypt can plays an important role in the development of Arab Electricity Energy. Electricity Trade 

starts to be one of the solutions introduced in some Arab countries.  Recognizing the advantages of 

electrical interconnection and the benefits of electricity trade, the Arab states through the League of 

Arab States (LAS) have embarked on a missionary work to make a Pan Arab Electricity Market 

(PAEM). The European Electricity Market is one of most mature markets worldwide and it will 

provide a lot of benefits to the countries are participate and interconnect with it. Egypt can play a major 

role in interconnecting European Electricity Market with Arabian Market, where Egypt is part of the 

PAEM and has an interconnection with Jordan and working on building an electricity interconnector 

with Saudi Arabia and Libya.  

This paper will present Egypt opportunities in interconnecting with proposed and planned neighboring 

interconnection in this region, like European Electricity Market, GCC Electricity Markets, Egypt-

Sudan-Ethiopia interconnection, EIJLLPST interconnection (Eight-country Interconnection - Egypt, 

Iraq, Jordan, Libya, Lebanon, Palestine, Syria, and Turkey) and EIJST interconnection (Five-country 

Interconnection - Egypt, Iraq, Jordan, Syria, and Turkey).  

This paper will analyze the latest update in developing interconnecting to extend markets beyond 

European Markets to Egypt, GCC, EIJLLPST, EIJST, and Africa. The will help to achieve the best 

utilization of the markets to optimize the usage of available energy resources such as Renewable 

Energy Sources (RES) and hydro to increase the welfare of the societies in this region and develop the 

economy of these countries. 
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1.0 Introduction: 

 

Historically, the Egyptian Electricity authority created in 1976 to be responsible for all power plants, 

transmission and distribution networks. The public sector authority for electricity distribution was 

established in 1984 and being managed on the electrical distribution companies. The ownership of the 

distribution companies were rejoined to the Egyptian Electricity authority in 1998. In 2000, Egyptian 

Electricity authority transfer to the Egyptian Electricity Holding Company and subsidiaries companies 

based on Law 164. The subsidiaries companies were for electricity production, seven companies for 

electricity distribution and one company for transmission and controlling electricity. The Egyptian 

electricity holding company and Subsidiaries were reconstructed in July 2001 and the number of 

Subsidiaries became one transmission company, six production companies, and nine distribution 

companies. The structure of the electricity sector is shown in Figure 1 [1].  

Figure 1 Structure of Egypt’s electricity sector 

 

Figure 2.10 Organization of Egypt’s electric utilities 

 

2.0 Nile Basin Initiative (NBI) 

The riparian states of the Nile River have taken shape of a partnership called the Nile Basin Initiative (NBI) 

seeking to build the river in a cooperative manner, share both social and economic benefits equitably, and 

foster regional peace and security. The countries include Egypt, Sudan, South Sudan, Ethiopia, Burundi, the 

Democratic Republic of Congo, Kenya, Rwanda, Tanzania, and Uganda with Eritrea as an observer. One of 

the subsidiary programs is the Eastern Nile Subsidiary Action Program sponsored and advanced by the 

Eastern Nile Technical Regional Office (ENTRO). The Ethiopia-Sudan electricity interconnection project 

was applied as part of this subsidiary program with a key part, which is promoting power trade through 
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regional cooperation. It will increase access to electricity and lower costs for benefit of their societies. 

Several major hydropower projects are being considered under the program for facilitating energy trade 

among Ethiopia, Sudan, Kenya, and Egypt. 

Meanwhile, states belonging to the East African Community (EAC) are promoting the Eastern Africa Power 

Pool (EAPP), which will be greatly helped by the interconnections and studies pursued under the NBI’s 

program. The interconnections implemented and under consideration in the EAPP are shown in Figure 2. 

 

Figure 2 Eastern Africa Power Pool 

The total cost of project was $43.1 million. It is consists of  completed distance of 296.5 km double-circuit 

230 kV transmission lines between Bahir Dar substation in Ethiopia and the Sudan border. Additionally, the 

Sudanese National Electric Corporation is constructing from the Sudan-Ethiopia border a 155 km double-

circuit 230 kV link to Gedaref Substation in their country.  
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Sudan purchased a 100MW through three-year power-purchase agreement (PPA) firmed to export from 

Ethiopia, where additional supply would be agreed upon in the future. 

Ethiopia has a large hydropower potential and will have surplus power to export. The nation could utilize 

the thermal power imports from Sudan to manage seasonal variations in generation. Ethiopia has already 

completed an interconnection to Djibouti. It is trying to build an interconnection with Kenya to export the 

extra from these projects, and project under construction. Sudan also has noteworthy hydropower resources; 

it has recently commissioned two new plants and is investigating and preparing studies and designs for 

several more. 

3.0 GCC Interconnection 

In order to develop their cooperation and receive mutual benefits, the six founding members of the Gulf 

Countries Council envisioned interconnecting their electrical networks since early 1980s. With the beginning 

of the first gulf war in the region and sudden turbulences in the global energy industry, the GCC countries 

decided to ensure the security and stability of their electrical networks through building an interconnector to 

support each other at times of need, to share the installed capacities and reducing recurring costs over the 

coming years. 

During the 1980s and 1990s, feasibility and techno-economic studies were conducted to justify the technical 

needs and financial costs of creation of an interconnector that stretches on the eastern side of the Arabian 

Peninsula, from the south of Kuwait till the north of UAE, passing through Saudi Arabia, Qatar and Bahrain. 

Such studies guaranteed that the GCC states would receive further benefits if such interconnection would 

exist and utilized, such as reduction of operating costs, sharing of operating and installed capacity reserves. 

The development of this project was halted due to the Iraqi invasion of Kuwait in August 1990 and its impact 

on the region. It resulted in growing fear of stability and security of the crude oil supply to the globe [2].  

With the increasing local consumption demand in the GCC countries due to industrial and domestic growth, 

the notion to re-initiate the need for interconnection was revived in early 2001. By a royal decree of the 

Saudi Arabian Government, the GCC Interconnection Authority (GCCIA) was created in early 2002 to 

supervise and follow up on the interconnection project. All GCC countries pooled in the estimated budget 

(1.2 billion US dollars) to fund the establishment and development of the first electrical interconnection of 

its kind in the Middle East and North Africa region. The actual energizing of the interconnection started on 

Feb 17th, 2009 which started from South of Kuwait. Other member states started connecting through single 

connection points further on till April 23rd, 2011 when the fifth member state, UAE officially joined the 

GCC Interconnection network through its Abu Dhabi transmission network. Oman was sub sequentially 

linked to the interconnection through its bi-lateral interconnection with UAE’s Abu Dhabi network. Among 

the unique aspects of this interconnection was the introduction of the first HVDC technology and back-to-

back frequency modulation in the region due to the difference of system frequency between Saudi Arabia 

(60 Hz) and the remaining member states (50 Hz). With that solution, GCCIA also introduced the first of its 

kind dynamic power reserve sharing function in the HVDC station, which provides instantaneous support 

during incidents by transferring power between both sides of the HVDC station (i.e. namely the 50 Hz and 

60 Hz). 

GCC countries have been characterized with substantial growth of energy consumption from 1972 to date. 

Driven by several factors, such as population growth, economic development, increased urbanization and 
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industrialization growth, GCC electricity sector has primarily relied on fossil fuels (mainly natural gas and 

some heavy fuels) for the generation of electricity. However recent policy initiatives and implementation 

show that most of the GCC countries are committed to increasing the share of new and renewable energy in 

electrical power production from other sources such as Solar or Nuclear. It is expected to witness large 

development and integration of renewable energy into the transmission and distribution grids in GCC in the 

coming periods. RES deployment in the GCC has been more driven by the need to diversify energy resources 

than achieving environmental goals, with its potential contribution to energy security and fuel supply 

availability.  

Since 2010, GCCIA has been working actively to help in developing power trade in the GCC leading to the 

creation of a GCC power Market. GCCIA efforts had a mix of awareness and training events, studies to 

identify and publicize the potential and benefits of power trade, and even included reducing the minimum 

auction price of interconnector transmission right charges (interconnector Rights for Operations IRO) to zero 

dollar for the Member States during 2014 to 2018. It was reduced to promote energy trading. The latest 

GCCIA effort for promoting power trade have seen GCCIA initiating a Pilot Project for a GCC Power 

Exchange with simple trading tools and agreed market rules. GCCIA was also instrumental in facilitating 

various bi-lateral contracts for power trade among the Member States. The achievements of the Pilot project 

for years 2016 and 2017 are summarized as follows [4]: 

• Seven bilateral agreements were completed with a cumulative volume of 1,612,800 MWh traded on 

in-kind basis over a period of 306 days. 

• The value of energy traded amounted to $200 million as per the average price of power traded. 

As shown in statistics, indicators, and data, a specific commercial pattern has been undertaken, by electricity 

Ministries, Authorities, and companies involved in power trading within GCC Member States. This pattern 

demonstrated that these entities favor trading on ‘in-kind’ basis, over trading in-cash, and that Member States 

attempts to settle their trade transactions within one or two months period.  

Statistics has also shown an increase in the trade offers in the Electricity Market, which would typically 

contribute to raising the probability for finding agreeable deals for trade transactions among Member States. 

Figure 3 details the quantum of power traded during the years from 2010 to 2018, and the increasing number 

of offers. 
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Figure 3: Power Traded in GCC from 2010 to 2018 [4] 

 
 

Figure 3 represented the growth in the power energy transactions, where there is an increase of 20% in the 

energy traded during 2017 compared to the results of the year 2016. Number of transaction also increased 

from 12 to 14 transection in 2017. These positive indicators demonstrate that there is high potential for 

growth in the power trade transactions in the region. Figure 4 illustrates the change in Energy Exports and 

the market share of market participant in the years 2016-2017.  

 
Figure 4 Power Exports of MSs in 2016 & 2017 

 

Figure 5 presents a comparison between Power Traded in years 2016 & 2017, which shows that the trade 

start take place in the wintertime along with the summer time in 2017. The trade occurred in 2016 was mainly 

due to purchasing energy for the summer period as result of incentive program within the pilot project for 

2016. The trade occurred in 2017 was due to new pilot project to exchange the energy with ratio for mutual, 

where one member states will utilize the energy during the summer and the second member state will receive 

more energy during the winter as compensation for the energy price difference between summer and winter. 

Both Member States gain an economic benefit from energy exchange, and it opens more opportunities them 

to start optimize their energy in different seasons.  
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Figure (5) Comparison of Monthly Power Traded in 2016, 2017 

 

The benefits calculated for the Interconnection between the GCC countries shows economic benefits to the 
member States as shown in Figure (6), which returns the investment on this interconnection. 

 
Figure (6) Economic Benefits from GCC Interconnection provided to Member States 

 

4.0 Pan Arab Interconnection:  

Many Arab countries have been facing significant fluctuation in the economic growth in recent years. 

Arab Networks are consist of three main regions, which are the GCC, Maghreb, and the Eight Country 

Interconnection Project (called EIJLLPST), where these countries are Egypt, Iraq, Jordan, Libya, 

Lebanon, Palestine, Syria, and Turkey. The EIJLLPST are sub-regions. Some witnessed high 

economic growth followed by rapid drop after oil prices fell down. There was also the impact of Arab 
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spring movements on some of the countries. Some countries witnessed high increases in GDP coupled 

with a significant increase in energy demand along with that, particularly for electricity. 

 

Although part of this growing demand may be curbed through more effective energy conservation 

policies, including tariff adjustments and reduction of subsidies, there is a clear need to expand 

generating resources and alternative fuel supply in all Arab countries. In recent years, gas availability 

has turned into a serious issue as countries such as Syria, Jordan, Saudi Arabia, Kuwait, the United 

Arab Emirates (UAE), and others have realized that their domestic gas production is insufficient to 

meet the needs of their power sectors. This has triggered a search for sources of imported gas (LNG) 

or electricity, which in turn has led to attempts to construct cross-border infrastructure import facilities 

or interconnections.  

 

Figure (7) represents Arabian countries’ maximum electricity demand for the year 2017, which shows 

the highest peak are exhibited by KSA, UAE, Egypt, Iraq & Kuwait respectively. Figure (8) represents 

Arabian countries electrical energy demand during the year 2017, which shows the highest energy 

demand is at KSA, Egypt, UAE, Algeria, Iraq & Kuwait respectively. The sequence of consumption is 

different from the peak load demand due to types of load demand available in each country [1]. 

 

 
Figure (7) Maximum Electrical Peak Demand 2017 

 

 
Figure (8) Electrical Energy Demand 2017 

 

The League of Arab States study the interconnection with CESI in 2014 and update the study currently with World 
Bank. The study convers the proposed projects, address the regulatory, governance and pricing issues, including 
development of regional trade enablers including pricing mechanism, regional institutions, etc to govern 
commercial aspects of regional trade. The ultimate goal is to create a single integrated competitive electricity 
market and regional institutions necessary to increase regional energy trade. The studies recommended a number 
of expansion projects proposed for the Pan Arab interconnection. Figure (8) present the proposed interconnection 
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in Pan Arab region, & region with opportunities. Many of these projects proposed to be connected to Europe at 
number of connections [3].   

Electricity trade has significant potential for MENA countries, which present the following costs and benefits: 

1- Total NPV generation costs including RES estimated for all Pan-Arab region is around 1000-1620(bn$) 

2- Saving in Generation costs estimated to be around $65 to $157 Billion USD.  

3- Interconnection costs estimated around $5.6 Billion.   

 

5.0 Potential of Renewable Energy Sources (RES) 

The Arabian region is rich with a huge potential for generation of power from renewable energy sources. The main renewable 
energy sources are wind and solar. The potential estimated by Deserted for the region is in the range of 630,000,000 MW (630 
TW) of solar power and 75,000 MW of wind based power generation capacity [1]. 

 

a)  Wind Power Potential 

Figure (9) illustrates the wind average classes at 80m altitudes. There are extensively modelled tropospheric 
winds using data spanning 29 years (1979 - 2008) to develop global maps of wind speed and wind power. 
The dissemination of wind turbines for electricity generation in Arabian countries has been very low in some 
countries and high potential in other countries [5].  

 
Figure (9) Wind Classes at 80m [5] 

Both Morocco and Egypt are considered amongst the top of the world’s for wind power potential. They have estimated 

the country’s wind potential at 25,000 MW with a load factor exceeding 40 percent in Morocco. Egypt has a potential 
of at least 7,000 MW in the Gulf of Suez, and 3,000 MW in the East and West banks of the Nile.  

These figures illustrate that the winds at higher altitudes are faster and more consistent than winds near the 
ground.  They also illustrate that the Arab countries have a good power density compared to Europe in 
mounted areas, southern side of Morocco to the northern side of Sudan, and Eastern side of Somalia.   

 

b) Solar Energy Potential  
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On the other side, the solar intensity of the Arabian region presents a very high irradiation in all Arabian 
countries and clear sky during most of the year as illustrates in Figure (10). These locations are distributed 
along Arabian countries and may become one of sustainable resource for them. Solar power in most of the 
Arab countries can reach a target of 20 to 30 percent of energy from renewable sources [6]. 

 
Figure (10) Annual Sun of Direct Normal Irradiation for year 2002 (kW/m2a) [6] 

c) Large Hydro Power 

Hydropower has several advantage being clean and emission free electricity generation technology and thus 
it presents an environment friendly energy option, suitable to contrast climate change.  

The middle zone of Africa holds the large hydropower generation capacity and these projects are at good 
proximity to the Arabian countries. The utilization of the hydro reserves in the African countries with hydro 
potential is less than 7% of its technical and economical feasible hydropower potential. The main hydro 
potential areas are the Nile River, the Congo River, and the Zambezi River. 

Arab countries and these African countries can cooperate together to build Integrated energy system allow 
both systems to exchange their energy by utilizing solar power and wind power in the Arab countries with 
the Hydro Power available in African countries.  The suggested integrated system will provide for both sides 
more sustainable energy supply to their nations. 

 

6.0 Expansions and Egypt Role in Interconnecting the Regions 

There are many plans linked Europe to the North Africa and Meddle East. There are many initiatives like the 
MENA Region Interconnection, GCC Region Interconnection, EU-Africa and Asia interconnection, and Egypt 
Sudan Ethiopia Power Interconnector. Figure (11) developed by the author present initial potential of 
interconnecting these regions. 

In order to optimize of energy resources and open larger opportunities for energy trading beyond the Egypt region,  

Egypt shall consider the expansion of the interconnection beyond the GCC/ region to neighboring countries in 
Asia, Africa and eventually reaching Europe, taking into consideration the expected evolution of the generation 
mix, potential of Renewable Energy Sources (RES) penetration and the establishment of nuclear power plants in 
UAE, Saudi Arabia and other GCC countries [7].  
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Figure (11) Existing, Planned and considered Interconnection in the Pan Arab Region 

 

7.0 Results and Observation 

The geopolitical in Arab Mashreq Interconnection, may hold interconnecting Iraq & Syria to Turkey, where a lot 

of network enforcement also needed in coming years.  

 

Egypt - Cyprus interconnection with was proposed in the EU-Africa plan may become the backbone 

interconnection to interconnect Four main regions. These regions are the GCC, Maghreb, Mashreq (EIJLLPST) 

and Nile.  

 

Egypt are next to Europe Power Pool Market, GCC Pool Market and Eastern Africa Power Pool, where these three 

power pool markets can be connected through the Egypt under Pan Arab Market Agreements. The difference in 

market prices between these markets can create a very good opportunities to import and export electricity between 

the region and to reduce the prices in the Egypt zone market. Taken in consideration the potential of Solar, Wind 

and hydro power available in these regions, a more higher potential of utilizing these resources. The suggested 

recommendation is as follows: 

 

i. Policy and Regulatory  

The following need to be considered to mitigate the policy and regulatory constraints: 

a. Government agencies, R&D institutes, and other partners, shall agree on targets to address the demand. 
b. Pan Arab region shall start develop the required agreement to open the Markets between Mashreq, GCC & 

Maghreb regions.   
c. Power Pools shall develop agreement to open the access between these regions.  
d. The interconnected countries shall work together to integrate their target base on opportunities and benefits.  
e. Create master committees bring the regional interconnects in both Arabian and African countries to discuss 

apply policies that can play a crucial role in promoting and raising awareness of existing and viable renewable 
energy options, including energy efficiency standards and voluntary actions. 

ii. Technology transfer constraints 

Utilize the available research centers in Arabian countries and African countries to exchange and develop 
both sides with the support of some of advance frames in the world. They could involve the research centers 
to measure the benefits from independent point of view. 
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iii. Financial Resources 

The Arabian countries could begin with certain RES projects that yield good return on investment by sale not 
only locally but also beyond the margins. Making a powerful market and linking the opportunities available 
may give for all stakeholders a win-win position. 

 

8.0 Conclusion & Recommendations 

 

Egypt are Power Pools could connect to it can create a large benefit to the Egypt as hub to connect these power 

pools. The Power Pools like Europe Power Pool Market, GCC Pool Market and Eastern Africa Power Pool can 

look to Egypt as hub connecting the Power Exchange pools to each other.  

These is a need to build develop Policies and Regulation that allowing connecting these power pool markets to 

trade. In addition, develop the balancing and ancillary services supporting exchange the energy.  

 

There is a need to develop Rules to manage the market players interaction and present the difference in market 

prices between these markets. Study centers need to develop study programs to find and measure the opportunities 

to import and export electricity between these region. These studies need to taken in consideration the potential of 

solar, wind and hydro power available in these regions.  
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