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Risk Assessment of Hidden Failures in

Electrical Power Systems

Eng.Gamal A.Rehim Dr. Gamal A.El Latif Haggag Eng.Medhat Gabr
Chairman of EETC Head of Technical Sector-EETC Operation Engineer

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

1
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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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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)
10 days 5 days 5 days
Line 2 Line 1 Line 3
Series Style

10 days

Line 2

5 days 5 days

Line 1 Line 3

Parallel Style

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 September 19 to

From October 1 to October

September 30 8.
the average hourly load is 1046 | the average hourly load is
MW 1243 MW

The failure statistics of the previous 10 years which is related to the failure frequency and
repair time for each of the four S00KV lines are recorded in (Table 2)

Table 2: Failure Data of the Four Lines.

Failure Frequency Repair Time Length

(Failures/year) (hour/failure) (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:

e Event la: Line 4 fails while line 2 is out of service for 10 days in

September.

e Event 1b: Line 3 fails while line 1 is out of service for 2 days in

September and 3 days in October.

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

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

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

September

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

September

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

September

e 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:
e What can go wrong with the engineering system?
e How likely is the failure to happen?
e What will be caused by the failure as a consequence?
By applying the FMEA methodology we can get the following two tables:
e (Table 3): FMEA of Schedule 1.
e (Table 4): FMEA of Schedule 2.

Table 3: FMEA of Schedule 1

What can go wrong? How likely is the failure to happen? Pi What is the Severity? Si Risk= Pi Si
Event 1a 0.017434247 1046 Mw 18.24 Mwah
Event 1b-September 0.172533699 1046 Mw 180.435 Mwah
| Event 1b-October 0.258800548 1243Mw 321.688Mwah
Event 1c 0.05729726 1243Mw 71.22 Mwah
Total Risk = E Pi Si=591.62 Mwah

Table 4: FMEA of Schedule 2

What can go wrong? - How likely is the failure to happen? Pi - What is the Severity? §i - Risk= Pi Si
Event 2a 0.431334247 1046 Mw 451. 18 Mwah
Event 2b 0.008717123 1046 Mw 9.12Mwah
Event 2¢ 0.05729726 1046 Mw 59.93 Mwah
Event 2d 0.008717123 1046 Mw 9.11 Mwah
Total Risk = X Pi Si=529.34 Mwah

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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IIl. 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 .

Z= zn: i max(0,X; — Yy, )P;Py (1D

e X :represents the load demand.

e Y :represents the generation capacity.

e 7 : The expected mean value of that demand that not supplied in accordance to

the condition X larger than Y.

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

e Daily peak load (7 days).

e  Weekly peak load (52 weeks).

e Hourly peak load (24 hours).
Establishing of Load Probability Table

LLPT)

Weekly peak P )
Annu ally o Daily peak load Hourly peak

load as
as percentage load as

p e ak percentage of of weekly peak percentage of

annual peak _— daily peak
(285 OMW) (52 Weeks) (7Days) 24 Hours

Figure 2: handling of primary load data

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

6
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PLY =) & )
j
Where
ti; : Number of hours at load level L;.
T : Total hours in whole period (X ;).
The load level has been sorted from up percentage values to down percentage values
Where:
e The highest value equal to 100% of peak (2850MW).
e The lowest value equal to 0% of Peak (OMW).
e 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].

PUL L) = ) p(ly) 3)

k=i

for instance consider the class width interval from 100% of peak (2850MW) to 99% of
peak (2821.5MW).
e The iteration number of load values during specified class interval (Width)
(100% to 99% = 2850MW — 2821.5MW) Equal 2.

e This is meaning that frequency = 2.
2

e This is meaning that P,yger = S 0.0002

Where:

® P.ract : Exact Probability.

o P.mm : 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 X 7 X 24 = 8736 discrete values) 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 nth 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.
Capacity, Loss of Capacity, Poract Poimm
MW MW P;
P

C 0 1—-gq 1
0 v q

e : Effective capacity of the generating units.

e g :FOR (Forced Outage Rate).
This approach has been implemented by applying Equation (4).

Pn(X) = pp-1(X).p(0) + pp_1(X = C).p(Cr) 4

Where:
e p,_1(X):is the cumulative probabilities of the capacity outage state of
XMW before the unit is addedError! Reference source not found..
e p,(X):is the cumulative probabilities of the capacity outage state of
XMW after the unit is added.
o pp1(X)=1,ForX <0 and p,-1(X) = 0 otherwise.

By considering the following initial conditions
o P,uctofnooutageisp(0) =1—gq
o P,.qct of full outage is p(C,) = q,.

So the equation (4) has been modified to become the following equation:
pn(X) = pn—l(X)- (1 - CI) + pn—l(X - Cn)- an (5)

By iterative using for equation (5), we can get values of both Py, andP.ypm.-

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 P,yqcr and Poymm by
using recursive algorithm, based on the increment value equal to IMW.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
(IMW) to get both P,yqcr andP.ymm by using recursive algorithm. (COPT) is the
outcome of using the recursive algorithm by implementing equation(5) .
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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 Mk. 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).

p(Mg) = p(Cr).p(Ly) (6)
As soon as we have estimated the P,,,. of margin states, the P, 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 Mk made up of S identical margin states:

Pk = ipi (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.
LOLE (in hours per year)
= [Cumulative probability of the first negative margin] x 8760
= 12.138071 hours

LOLE (indays per year)

= [Cumulative probability of the first negative margin] x365
= 0.505753 days

Referred to the computer algorithm application, the P, of the specific state can be
identified by using Equation (8).
N

PO = p(L).p(X) (8
j=1

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 V) 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 7. Groups of (Forced Outage Rate)

10



/4
@ﬂgre Cigre Egypt 2019

Forced Forced Forced Forced Forced Forced Forced Forced Forced Forced
Outage Outage Outage Outage Outage Outage Outage Outage Outage Outage
Rate #0 Rate#1 Rate#2 Rate#3 Rate#4 Rate#5 Rate#6 Rate#7 Rate#8 Rate #9

Unit
Group

0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01
0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.05 0.05
0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.005 0.005 0.005
0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.01

0.04 0.04 0.04 0.04 0.04 0.03 0.03 0.03 0.03 0.03
0.04 0.04 0.04 0.04 0.03 0.03 0.03 0.03 0.03 0.03
0.05 0.05 0.05 0.04 0.04 0.04 0.04 0.04 0.04 0.04
0.08 0.08 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07
0.12 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

© O~NOOD»WN -

Table 7: Forced Outage Rate Groups versus Loss of Load Exepectation
(Probability versus Severity).

Probability Severity
FORCED OUTAGE RATE GROUPS | LOSS OF LOAD EXEPECTATION (LOLE)hr
uo 12.13807098
U1 11.15855517
U2 10.94404386
us 10.595309
u4 10.22198135
us 10.0449537
ue 9.868802693
u7 9.787875858
us 9.61832807
uo 9.50614846
Comments

e 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.

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

e (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.

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

11
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and (Table 7) where the improving in the forced outage rate has been
accumulatively executed starting from Uo until U9 , and this leads to
improvement the LOLE from (12.13807098 hours) to (9.59614846 hours).
e 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

10.94404386

10.595309
10.22198135

10.0449537
9.868802693

| -
-
Ll
6' 9.787875858
-

<4 -2 mMm< mMmWnm

FOR9 FOR8 FOR7 FOR6 FOR5 FOR4 FOR3 FORZ2 FOR1 FORO |

PROBABILITY (AS absolute Values)

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.

e The risk Matrix shows the minimum risk index = 9.59615 hours.

e The risk matrix shows the maximum risk index = 12.1381 hours.
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.

V. 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

12
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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 Mk. 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:

e 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.

e Phase 2: Development of a long-term transmission system concept for the year 2025 and identification
of required investments.

e 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:

o 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

e A general shortage of transmission capacity is encountered both in the 220 kV network and the 220
kV demand transformer stations.

e 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.

KEYWORDS

Transmission — System development — Generation — Steady-state analysis — Dynamic analysis — Egypt

1) eng-ghadaS55@hotmail.com 2) majeed.abdulhameed@siemens.com

14



/4
Gagre
Cigre Egypt 2019
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:

e 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.

e 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].

e 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].

e 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.

Siemens and partners complete world’s largest
combined cycle power plants in record time

lngesuity for Life
The Power of a Promise - 14.4 GW in 27.5 months! %

SIEMENS

i over 40% increase of Egypt’s power capacity

mir Electricity for over 40 million Egyptians
?‘?‘ 6 substations are energized

& 600 Egyptian engineers and technicians fully trained
ég over $1 billion annual fuel cost savings

A 61% efficiency

The three power plants are powered by
HEES 24 SGT5-8000 H-Class gas turbines 36 Generators
o
. 12 SST-5000 steam turbines & 36 Transformers

‘ 24 Heat recovery steam generators . '/3 Gas-insulated switchgears
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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Short Term
System

2018

Actual Long Term
Data System System
collection
2015 2025

Recommended
transmissionnetwork

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].

Zone 5: Mid Delta

¥
Zone 6: West Delta
Zone 7: Alexandria

7
Zone 4: Cairog~

%

\ . N\
@/ \ \

[
L

7 P
~F\ ]

Zone 2: North Upper Egypt//\ N A
Zone 1: South Upper Egypt

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:

e 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.

e 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.
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e N-1 security:

o Atthe 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.

( : ) 500 kV Network [—> Export
(Main Transmission Network) [ Import

GSPs
(Grid Supply Points)

220 kV Network
(Transmission Network)

? ﬁ?’@ (BulkSEpS:YSPOintS) (?

132 kV Network 66 kV Network
(Minor) (Main Sub-transmission Network)
Minor Demand Main Demand

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:

e 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.

e 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.

e 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.

e 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.

Zone 5: Mid Delta

O=

P

Zone 6: West Dell
Zone 7: Alexandria

Zone 2: North Upper Egypt

Zone 1: South Upper Egypt

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:

e From2015to 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.

e 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.

e 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.

e 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.

e 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:

e 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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o 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.

Zone 5: Qllid Delta

Zone 6: West Delta
Zone 7: Alexandria
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Figure 7 220 kV line loading vs. cumulative circuit length, scenarios 2015/2018
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5. ANALYSIS OF SUB-TRANSMISSION NETWORKS

Cigre Egypt 2019

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:

e The short-circuit analysis shows that the maximum three-phase short-circuit cutrents stay below
90 % of the switchgear rating at all substations.

e 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.

e 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.

e 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.

e 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:

e 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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e 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.

Cigre Egypt 2019

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 - BADR?2 overhead line, after splitting of BADR?2 substation,

o C.500 - HADABAZ2 cable, after splitting of HADABA?2 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 500k V substation

e 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.

e 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.

e 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 o
W%

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

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

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

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

combines excellent features of the Modular Multileve verter based STATCOM for voltage

support on one side and supercapacitors for providi ort term active power boost on other side.
4

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

the implementation of the SVC P ency and, thereby, the grid quality can be

&

Y| el, Supercapacitors, Synthetic Inertia, ROCOF

FS for years 2015 and 2030 at peak and I d scenarios. Due to the planned increase of the
renewables in 2030 the outage of ‘rge fin or unitin 2030 could lead to load shedding. With
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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
Ein depends on the moment of inertia J and on the rotating speed @ of the generator i.e.
frequency f:

1 1
Ekin=§']'w2=§']'(2ﬂf)2 (D

The equation (1) gives the entire kinetic energy stored in the generator. However, in case of
disturbance i.e. frequency deviation from nominal frequency fon to minimum frequency fuadir

only a part of the entire kinetic energy stored can be used i.e. Ea:
1
Ep = 2 ] ((Zﬂfnom)z - (Zﬂfnadir)z) \ q

The inertia time constant Hgen of a generator can be calculated wit are’power Sgen

as:
— Ekm — 1 ] (an)z \ )
Sgen gen
able 1nertla time constant can be

L. H sys “4)

ngn

From equations (2) and (3) it can be clearly seen that
obtained for one generator or for the entire system:

E av f nom f nadir

ry
With the reduction of the p@nal generators the inertia in the grid will also be reduced.
In [1] the estimation of the sy inertia until 2030 in five European countries had been
shown. It is cl.eart system inertia will reduce significantly.
Furthermore, since the
loads it also has a

H. =
av Sgen

PN

)

newable generation is located at remote locations from the large
n 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 fqqir 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).

Actual Frequency Response to a Generating Unit Trip—O’ahu

60.2 Unit Trip
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(3T
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Figure 1: Frequency in April 2013 in Hawaw

Figure 5  SA frequency compared to Victoria during event

Heywood Interconnector opens at —___
16:18:15.8 N

Figﬂlre 2: Frequency in South Australia — blackout in September 2016 [3]

In the case of Hawaii a n 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 o 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:
e Underfrequency — outage of a large generating unit or outage of an interconnector
(which is used for importing the power)
e 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.
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Figure 3: Frequency patterns in case above/below%OS Vin UK in 2014 [4]

both cases, the frequency
dn’t result from loads

The system frequency exceeded only twice 50.3 Hz i
changes were slow. This leads to the conclusion
disconnection but were just normal operations
cases were having fast and sudden drop in ue
generator outage in the grid. In all
value fuadi.- With increased porti
Jnagir will be even lower.

duced system inertia in the future the

The analysis of different generati ion mixes, portion of renewables and outage sizes have been
analyzed in [6]. It has beea wn that systems with existing gas based conventional
generation have shorter ﬁrst frequency swing, lower ROCOF, higher fuqqir and are

reaching their settling fre
longer swing time,

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.

Power
Inertial FFR — Fast Frequency Response
Response PFR — Primary Frequency Response
SFR —Secondary Frequency Response
| | ﬁ Time
few 10-30 minutes
b
seconds seconds Ny

Figure 4: Frequency responses in time pattern

Primary and secondary frequency responses are well known > operation of
power systems. The major issue is the inertial response i.e. the ti he primary
frequency reserve comes in full operation. Depending on the different grid codes this time can

be app 10-30 seconds. \ V
Main challenges for fast frequency response are:

1. Increase the fuuair — to avoid load s
disconnection (overfrequency).
2. Reduce the ROCOF - to avc&le

generating units

For the application as a fast fre Cy resp .¢. a bridge between outage and primary
frequency response, here we have ented th C PLUS Frequency Stabilizer (also: SVC

PLUS FS).

~> 7
3.1 DESCRIPTION ,,\< )

nc bilizer is based on advanced STATCOM, a power electronics
el Converter (MMC). It mainly serves as a Flexible AC Transmission

@
& @ oltage compensation, especially for dynamic voltage support.

supercapa ave 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.
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g n Supercapacitors H Phase reactor yard

it | 4
o ] n SVC PLUS converter n MV switchyard

n Caontrol room Power HV/MV transformer

Y n Cooling n Connection to the HV switchyard
| 4
Figure 5: Typical station layout of a 50 MW SVC Frequency Stabilizer station
The main characteristics of the SVC PLUS FS ar
e Active power: Pmax = +/— 50 MW.

e Available energy: 450 MJ (45 s)
e Reactive power: Q = W\M ,
a
el

e Operation in all 4 P- t multaneously
e (Can address any voltage tep up transformer
e Footprint: approW65 m”

One of the main features %M PLUS FS is that it can provide both active and reactive
power simultaneous ince the voltage control is a mature feature, here only the active

power modes will -% ile

3.2 ACTIVE PO%, »
Two mo f active power control are implemented: droop (df) and ROCOF (df/df).

e 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).

e  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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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 sho ferent
grids like UK [10], Ireland or Hawaii [11]. Here the possible impact on the transmission grid
of Egypt has been analysed. “

modelled for the years 2017 and 2030 — with peak and low load. In Ta the main input

For frequency analysis, a simplified grid of Egypt has been 1 ases have been
d
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 h

of the load (74 GW) and renewables (21.75 GW) up to
was not in the scope of this paper.

wunw

ined: very high increase

The verification of these data

d scenarios in 2017 and 2030

Table 1: Generation in operation for pea nsqow
teaN

Load Ga ydro Wind
GW GW GW
2017 Peak 29.4 . 2.24 0.25
2017 Low 14. 2.24 0.25
2030 Peak 74.0 . 2.32 21.75
2030 Low 37.0 12.9 2.32 21.75

automatic voltage re

and hydro generators was modelled with typical

Dynamic behaviour of t @n
and governors -see Table 2.

Table 2& Wels of gas/steam and hydro generators used in dynamic model
Hydro

Gas/steam
Inertia H (s) 5 3
Governor GAST2A HYGOV
AVR IEEETI1A ESSTIA

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 d 2030 by outage of

627 MW generator in Kurieme;t‘

From obtained results it has been shown that in 2017 and in m of Egypt is very

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

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

627 MW in Kuriemat can be easily compensated by remai

The impact of the SVC PLUS FS in scenario 2017 lo een investigated for the same

event — see Figure 8.

Frequency (Hz) Power (MW)
cnAc Benchmark (without SWC PLUS FS) - asp
T o ——— With SV PLUS F5 50 MW

I “\ ———With SWC PLUS F5 250 MW
o H ‘\_. ----- Active power (SWC PLUS F5 of 50 MW)
50,00 3 L Active power (SWC PLUS FSof 250 MW) - 200
!
1
I
49,95 ! - 150
1
[
]
43,50 - 100
@
49,85 - 50
49,80 - L o
5 & 7 8 9 10 11 12 13 14 15
Time (s)

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 fuadir. 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 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 s}%‘that it is
advantageous for frequency support. Since it provides power only N nee dits
operation costs are very low. Furthermore, for the first swing frequen tability the active
power injection of several seconds is more than enough to support the g
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 WWe port (frequency) and

steady state/dynamic reactive power support (voltage) SVC PLUS FS an excellent
solution for supporting the power grid stability.
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SUMMARY

Economic competitions and deregulation of ele ower systems over the world have led to

e power system should be restored as quickly
to customers.
ation process. The first method is based on

outages and probability of blackout. If a blackou
and reliably as possible to avoid long discon i

the electrical closeness centr. trical network, the electrical closeness centrality of a node
(bus) may be defined as the ave of the shortest path (line) between the node and
all other nodes (buses) in the netwo has the highest closeness centrality is selected as the
first node to be restored provi generating unit with black start facility is available. The
restoration process is conti@by selecting the bus with the next highest closeness centrality. The second
method measures the i ance 'of buses in the outage area based on the degree of a node (bus) as

the he degree of anode (bus) of a graph (network) is the number
he node. The IEEE 10-generators 39-bus power system model is employed to
oposed methods. DIgSILENT professional software is used to simulate the
¢ presented to show the effectiveness of the proposed restoration methods.
te percentage loading of generators, transmission lines and transformers in
buses. All are within allowable operating limits.

defined in the g
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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. pr—

¢) The third stage is the load restoration phase. i o

In the first stage restore the black start generating units [2], [5], [6] iuch M\ectrlcal plants

and rebuild related transmission lines. The black start units send the r ower to the
non-black start generating units. In the second stage, reconfigurati }ézver grid is
implemented, as a mean to restore generators, transformers and ds. In this phase of
restoration, the operators should take precautions to avoid over ) mission lines and

units, pumped storage units and aero-derivative gas tu . ustion turbines can be started in
5-15 minutes [2] with 30-50% probability of s , but it has limited under-excitation so it is
normally used at lower voltage levels. Run-of-the-riv i i

the high voltage sections of the network. Aero-deri as turbine generatmg sets typically require
he ili icking-up loads quickly.

a) Auxiliary load require erating units have high priority.
b) Transmission and distribu substa ave medium priority depending on actual location
of the substation

l@ov\gprio ty depending on the importance of the load.

gree of the buses. The IEEE 10-generators 39-bus power system model is
atures of the proposed methods. Simulation results, using the DIgSILENT

sts power flow constraints which should be taken into consideration during the
cess. 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:

Zpgen = Y Proaa t Prosses (1)
> Qgen = Y Qroaa * Qrosses 2
Generation output inequality constraints:

Pmin < P(t) =< Pmax (3)
Qmin = Q(t) < Qmax (4)

These equations mean that the generation at any time ¢ should be operated within the allowable
maximum and the minimum real power and reactive power limits.

Bus voltage inequality constraint:
Umin = U(t) = Umax (5)
The voltage at any bus at any time ¢ should be within the allowable limits.

P N

Transmission line loading constraint: S N

5. < Smaxt A P) 6

The magnitude of a transmission line load at any time ¢ shouknotMed‘\le maximum
transmission line loading limit. A N o

A 4

3. THE ELECTRICAL CLOSENESS FOR RESTORATION TEMS

In actual network reconfiguration, topology of the ne of generators, amounts of
important loads (high priority loads), distribution of the i d nodes have significant
impact on the restoration process and restoration time. Various s of power system restoration
are available in [12]-[14]. Traditional methods cannot reflect the i ance of the different shortest

n [15] based on starting time and
thod does not reflect the importance of
nodes and the importance of different of short . ht load can lead to over voltages in the

paths. Another traditional method used in the power s

O

T 9Wiv))

-1 _
Closeness CentralityO(vi) = (v; ,vj)] = Zn—l ®)
A

where
gy, vj) iﬁsho t distance between vertex v; and vertex v; of the graph
e of vertices in the graph

a bus analogies a vertex (in a graph), and the electrical distance between
tw ce between them.

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. 1IEEE 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
345kV, 230kV and 16.5 kV. Detalled parameters of the system can be found in [22], [23].

<35
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W W I W
— <20>

8 v 11
/v <> 10> _/_, <34> (@
<05 l/ _’} l jl _.\ p
v / <32> _5 G4)
Figure 1: Si line d of the.lsEE fO—generator 39-bus system [23]

6. SIMULATION RE TS

6.1 Results o eness Centrality Restoration Method

The IEEE 10- tor: us system is employed to verify the ability and effectiveness of the
proposed the ion by using the closeness centrality method. Table 1 shows the results of
calculati ; i oseness centrality at all buses of the system. The highest closeness
centra e t e at bus 14 and bus 16, but bus 14 does not have any nearby generating
units so we ta assume the black start unit is located at bus 33. To go from bus 33 to bus

gh 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 follo 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 me\pd)“
Steps | Generators | The Shortest Paths =
1 G4 bus 33 | 19-16, 16-17, 17-27 % }_
2 G8 bus 37 | 27-26, 26-25
3 G7bus 36 | 16-24,24-23
4 G5bus 34 | 19-20
5 G10 bus 30 | 25-2, 2-3
6 G6 bus 35 | 16-21,21-22
7 G1bus 39 |2-1,1-39
8 G2 bus 31 | 39-9, 9-8, 8-5, 8-7, 7- 11,11-1
9 G3 bus 32 | 16-15, 15-14, 14- 0
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-loa ical closeness method)
Gen Step 1 | Step 2 ep 3 4 ep 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%
Gen4 | 80.95% | 56.3% | 55.5 7)° 4% | 79.6% | 79.6% | 79.6% | 80.1% | 80.3%
Gen 5 8% | 88% | 88.4% | 88.4% | 88.4% | 89% | 89.1%
Gen 6 | 83.5% | 83.5% | 83.5% | 84.4% | 84.2%
Gen 7 5% | 81.5% | 81.4% | 81.8% | 81.8% | 81.8% | 82.4% | 82.2%
Gen & % | 78% | 78% | 77.1% | 77.1% | 77.2% | 77.2% | 77.1% | 77.1%
Gen 83%
27% 18.7% | 29.2% | 29.2% | 26.8% | 29.3%
ble 4: Transformers loading (electrical closeness method)

Transformer | Stepl | Step2 | Step3 | Step4 | Step5 | Step6 | Step7 | Step8 | Step9 | Step 10
2- 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%
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Table 5: Transmission lines loadings during the restoration process (electrical closeness method)
Line | Stepl | Step2 | Step3 | Step4 | StepS | 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% 22.5%
1-39 56.3% 27.5%
39-9 12.6%
9-8 18.7%
8-5 52.6%
8-7 31.2%
7-6 71.9%
6-11 67.7%
11-10 67.7%
16-15 58.1%
15-14 6%
14-13 38.7%
13-10 . 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 5 83.4%
3-18

N ' 8.1%

s loading percentage. All transmission lines are within the allowable limits

od achieves the transmission line load constraint. It should be emphasized
ess the generation output should be within the limits because if a generator
erator may tripe and the restoration process will fail. Table 6 shows the
uses are within the allowable voltage limits for all the steps. From Table 3 to

e concluded that this restoration method is successful.

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

Step2 | Step3 | Step4 | Step S | Step 6 | Step 7 | Step 8 | Step 9 | Step 10

1.04 1.04 1.05 1.05

1.06 1.05 1.05 1.05 1.06 1.05

1.06 1.04 1.04 1.04 1.05 1.03

1.00

096 | 0.99 1.00

0.98 1.01 1.01

096 | 0.99 1.00

096 | 0.99 0.99

1.01 1.02 1.03

5‘\ooo\lom.|>ww»—~g

0.97 1.02 1.02
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Table 6 (Continued): Voltage of buses in p.u (electrical closeness method)
Bus | Step1 | Step2 | Step3 | Step4 | 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

2 106 | 1.06 | 1.06° | 1.05 | 1.06

23 104 | 1.03 | 1.04 | 1.04 | 1.04 | 1.04 1“ 1.04
24 1.05 | 1.05 | 1.05 | 1.05 | 1.04 kos 1.04

25 1.04 | 1.04 | 1.04 | 1.06 | 1.06 | 1.06 1 o@, 1.06
26 1.03 | 1.04 | 1.03 | 1.05 | 1.04 [ L 1.04 1.04 | 1.05
27 [ 099 | 1.02 | 1.04 | 1.03 | 1.04 [ 1.03 | 1.04 4 | 103 | 104
28 1.05
29 1.05
30 05 | 1.05 | 1.05 | 1.05
31 \)0.98 098 | 098
32 098 | 0.98
33 [ 1.00 | 1.00 | 1.00 [ 1.00 1.00 | 1.00 | 1.00 [ 1.00
34 1.01 1.01 | 1.0l | 1.01 [ 101
35 1.05 | 1.05 | 1.05 [ 1.05
36 1.06 | 1.06 | 1.06 | 1.06
37 1.03 1.03 | 1.03 | 1.03 [ 1.03
38 1.03
39 1.03 | 1.03 | 1.03 [ 1.03

Table 7 shows
system. The bus whi
selected for st
bus ave th
a nearby black start

W the degree of all nodes (buses) of the IEEE 10-generators 39-bus
ast ghest probability is the most important bus in the system and will be
toration process. First, we take the bus with the highest degree. Bus 6 and
st degree of 5. Bus 6 has no nearby black start generators, whilst bus 16 has
r at bus 33 which can be connected through bus 19.

Table egrees of the buses of the IEEE 10-generators 39-bus system

s | 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 e 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 pat ableswn show that
the restoration process is successful without breaching any constr

Bus 2=4
Bus 18=2 ——Bus 3=4 —[
Bus 17-3 Bus 4=3
Bus 28=2
Bus 16=5 —|—— Bus 15=2 Bus 27=2 — Bus 26=4 4':— Bus 25=3

Bus29=2

Bus 21=2

Step 6 | Step 7 | Step 8 | Step 9
5.0% | 5.0% | 10.6% | 10.1%
78.8%
88.7% | 88.6% | 96.3% | 85.3%
81.5% | 81.3% | 81.3% | 80.2%
90.2% | 89.0%
86.0% | 85.4% | 85.7% | 84.1%
80.4% | 80.4% | 82.4%
2% | 77.2% | 77.4% | 77.4% | 77.3% | 77.3% | 77.4% | 77.1%
83.0% | 83.0% | 83.0% | 83.0%
) .0% | 26.6% | 29.8% | 30.0% | 30.9% | 30.9% | 30.0% | 28.9%

% 10: Transformers loading (degree of nodes method)

er | Stepl | Step2 | Step3 | Step4 | Step S | Step 6 | Step 7 | Step 8 | Step 9
2- 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%
11-12 152% | 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%
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Table 11: Transmission Lines loading (degree of nodes method)
Line | Step1 | Step2 | Step3 | Step4 | StepS | Step6 | Step7 | Step8 | 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 30% | 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% ;ﬂél% 37.5%
7-8 ‘ 31.8%
5-8 3.0% | 99.0% | 98.0% | 101.0% 9 52.6%

8-9 101.0% | 31.7% | 40.6% | 40.
26-28 25.8%
26-29 33.8%
28-29 56.1%
22-23

52.6% | 19.0%
25.8%.| 24.3%
8% | 32.0%
1% | 56.0%
32% | 3.0%

17-18 | 47.5% | 47.4% | 47.4% | 47.4% | 47.5% 13.8% | 33.6%
9-39 101.0% | 26.9% 48.7% | 12.6%
3-4 25.4%
17-27 7.8%
3-18 | 24.5% | 23.6% | 23.8% | 23.7% . 3.5% | 34.9% | 20.5% | 8.0%
4-5 96.5% | 31.5%
4-14 39.5%
5-6 100. 100.5% | 101.0% | 100.0% | 84.0%
26-27 13.0%
25-26 22.7%.4 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. 31.5% 5 81.6% | 81.3% | 81.3% | 81.6% | 41.4%
2-3 | 30.8% 05%30.5% 30.5% | 30.4% | 35.1% | 35.7% | 69.1% | 59.7%
16-21 % 61.4% | 61.7% | 60.3%

ted two methods of power system restoration. The first method uses the
ality and the second method uses the bus degree. The importance of nodes
are identified to guide ordering the restoration process. Each method has been
ation 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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Table 12: Voltage of buses in p.u. (degree of nodes method)

Step 1 | Step2 | Step3 | Step4 | StepS | Step 6 | Step 7 | Step 8 | Step 9
1.05 1.05 1.03 1.03 1.03 1.04 | 1.05
1.07 1.06 1.06 1.06 1.05 1.04 1.04 1.05 1.05
1.06 1.05 1.05 1.05 1.04 | 1.03 1.03 1.03 1.03
098 | 097 | 098 | 0.92 1.00
093 | 098 | 097 | 098 | 0.92 1.00
1.03 | 098 | 098 | 098 | 0.93 1.01
1.00
093 | 097 | 096 | 096 | 092 | 0.99
0.96 1.02 | 1.01 1.01 1.00 | 1.03
1.04 | 1.00 | 1.00 1.00 | 0.97 1.02
1.03 | 099 | 099 | 099 | 0.96 1.01
1.00 | 098 | 098 | 0.98 1.00
0.99 1.00 | 1.00 1.00 .9 1.01

1.00 | 1.00 1.00 01
1.00.] 099 | 1.02
1.05 1.04 | 1.04 1.04 | 1.04 | 1.02 1.02 .01 *M

105 | 1.04 | 1.05 | 1.05 | 1.04 1.02% 1.03
105 | 1.05 | 1.05 | 1.05 | 1.04 02| 1.0 1.0 1.03
106 | 1.05 | 1.05 | 1.05 | 1.05 04 | 1.04 | 1.05
0.99 | 0.99

2 | 1.02 | 1.03
WS 1.05 | 1.06
1.06 | 1.06 | 1.04

1.08 1.08 1.04

WL [WWWININ[(NN N[N [DI DI [ = [ = [ = [ = | | | et | =t | ot | = o
NI ES NS B R V- RN N LV N [ ] B R (=Y e ) =N (9N N L9 1Y R = D ] Bl Rl el Bl e B Rl =

1.06 | 1.06 1.07 | 1.07 | 1.06

1.06 | 1.06 1.07 | 1.08 | 1.05

1.04

1.06 | 1.06 | 1.05

1.06 | 1.06 | 1.05

1.05 | 1.05 5 1.05 | 1.05 | 1.05

0.98

0. 098 | 0.98 | 0.98 | 098 | 0.98
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Nd 1.05 | 1.05 | 1.05 | 1.05

1.06 | 1.06 | 1.06

7 03 | 1.03 [ 1.03 | 1.03 | 1.03 | 1.03 | 1.03 | 1.03
103 | 1.03 | 1.03 | 1.03 | 1.03

39 | 1.03 | 1.03 | 1.03 | 1.03 | 1.03 | 1.03 | 1.03
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SUMMARY

In this paper, Proportional-Integral Differential (PID) and Fractional Order PmID) 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 ley ed by using the
Self-adaptive Global best Harmony Search (SGHS) optimization technique. Four different cost functions

0 OPID controllers of the
power systems. A comparison of system performance observed for t ia: The single area and
hybrid three area power systems are tested for various load ch disturbances‘in the presence of plant

e 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 controlle

INTRODUCTION
Nowadays, power systems with several indus and co rcial loads and generators need to operate at a

constant frequency. Load Frequency Control is a very impo issue in power system operation and control
for supplying sufficient and rm& el power

ith good quality. With an increasing demand, the
electric power system becomes more.complica a successful operation of power system under
abnormal conditions, mismatch%b corrected via supplementary control. For satisfactory operation
of a power system the frequency sh r arly constant. The various areas or power pools are

interconnected through tie li These tMnes are utilized for contractual energy exchange between power
pools and also interarea

area affected and then the other areas are also affected through tie lines.
iminated as soon as possible.

Many; contro oad Frequency Control in electric power systems have been proposed by
researchers over des. This extensive research is due to fact that LFC constitutes an important
functi em..operation where the main objective is to regulate the output power of each
generat ibed levels while keeping the frequency fluctuations within prespecifies limits. The main

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 Al 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

Cigre Egypt 2019

The transfer function model of investigated non-reheated thermal turbine powerssystem is shown in fig.1.
The power system is equipped with a suitable governor unit, single star reheat er\ﬁt, speed regulator
and generator unit. The nominal parameter values are given in appendix. ' - %

iL
AP [T 7 |4Bv| 1 |AP M- K,

)
NAF S
~
T+T.s| | 1+Tes A\ 1+ T,s »

Governor Turbine ‘ Generator & Load
With Primary Control A b

With Secondary Control

Controller

Fig. 1: Non- ower system

The system considered in this i sting of three areas: non-reheat thermal, reheat thermal and
hydro power plants. The differen § by a tie-line and the transfer function model using
MATLAB Simulink has been designe o. 2. The parameters of the three areas power plants are
given in Appendix.

During normal loadin
stability. When a loa

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.

Non-reheat thermal, Reheat thermal and Hydro power plants

To Workspace
1 -

Kp

[0

‘Adds. PID Controller 1

Tosel

Turbine -
Generation & load delF1
Adat
stept

Tie Line 1 Ada4

del Ptie1 Z(227yTt e
- I-—.:

del Pt

KR*TRH.5+1
TRAS+1

GelF2
governor  Steam Turbine Reheat [ —
To Workspacet
| del F2
GerPz
El. Tene2 paato
2@21T2
del Ptie2 s
227/
KHG THG 1541 Tws+1 =

THG2s+1 HGasH 05 Tws+1

AddT  pyGrauic govemor  compensator  hydro Turbine: del F3

[

del F3 To Workspace2

el P13

E tie3 Tie Line 3 Add11
del Ptie3 z@27Te
< I- ,

Fig. 2: Transfer function model in N or three power systems

The above factors make HS a flexible and more
adaptive global best HS (SGHS) was introdu ].
the concept of the particle swarm optimizatio

od'than other optimization methods. The self-
dification in this type SGHS was inspired by
ithm, the global best particle that is the fittest

particle in term of the objective parti in the swarm. The problem can be solved
faster, finds better and more pr ~ th a simpler formulation in optimization problems. Numerical
results of previous research show i f d algorithm to search an optimum answer.
A flow chart of HS algorithm is shown'in fig, 3 he steps of HS procedure are listed as below [11]:

Step 1: Specification @blem an, algorithm parameters

Step 2: Creation 0 ony memory

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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Gpia(s) =kp + ki/s +kq S
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Sten 1

Initialize all algorithm parameters:
HMCR. HMS. PAR. NI. BW_.UB. LB

\!

Sten 2

Initialize and generate the HM and the
corresponding fitness function

N
v

Sten 3

consideration. nitch adiustina and randomization

Fori=1:NI

@ No Random selection

Improvise new solution vector based on 3 rules, memory | |

Yes \
0.
Memory consideration rand<PAR

| J/ Yes
I X{ = X{ + rand * BW

Do nothing

| Sten 4

eplace the
orst solution

Does R
the new solution is better Yes | W
A than the waret nne
No ~ Termination
s criteria satisfied?
J Yes
® Stop

Sten 5

: Flowchart of proposed Harmony Search Algorithm

In thi eters of PID controller obtained by using four different cost functions with
SGHS ques. The IAE, ISE, ITAE and ITSE performance criterion formulas are as
follows:
tSS
Ji=IAE = [/* le(t)| dt 2
tSS
Jo=ISE= [/* (e(t))*dt 3)
tSS
Js = ITAE = [(* t(le(®)]) dt 4
Jo = ITSE = [ t(e(t))?dt (5)
The power system error in N multi areas are:
e(t) = TiL; Afi + XL APy (6)

i#j

In the above equation, Af; is the system frequency deviation in area i; APy 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
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Subjected to constraints:
Kpmin  Kp< Kpmax
Kimin< K < Kimax
Kamin< Ka < Kamax

Based on the SGHS optimization technique, the gain values of K, K; and K4 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 industri ication to improve the
system control performances. The most common form of a FOPID controller is ti‘%ntroller [11].

Cigre Egypt 2019

Minimize J

roller, thus a higher flexibility

The FOPID controller, has five parameters which can be used to tune the ¢
can be achieved, than in the case of a classical PID controller. Due to this reas e expect to obtain with the
FOPID controller better closed loop performances that the ones obtained with the controllers. One of the
most important advantages of the FOPID controller is the possible better co of fractional order
dynamical systems. The control output from the FOPID contro ected to frequency error is given as:

(7
nd p) of FOPID controller are

U(s) = (Kp + Ki K s*) AF

The three optimal gains (K,, Ki and Kq) and the tw timal orders
obtained by SGHS optimization technique with the different objective

4. SIMULATION RESULTS N\

In this paper the research work has been organiz
e The two controllers (PID and FOPID)had been d with the four different cost functions of the
as) a»he best cost function had been selected to

two power systems (single. area thre
complete the research W}xé m

e After determination o be i hen a comparison between the PID and FOPID
controller had been done o ereﬂ&o@ifﬁons and nonlinear single area and three area power
systems.

4.1 Non-reheat therm ‘&er syster

'quc,win values of PID controller (K,, Ki, K4) and gains of FOPID (K,, Ki, K4
idering four different cost functions mentioned above.

Jexes are used to minimize the overshoot, settling time, steady state error and
HS-PID controller system. Therefore, for the SGHS-based PID tuning, these
used as  the

x0® 1% step in load
T T

|

—IAE
—ISE
—ITSE
—ITAE

LS
T
I

<o
T
I

Frequency Deviation of single area

&~

| | | | |
25 3 35 4 45 5
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o
o
o
o
[

Fig. 4: Frequency deviations of single area with PID controller for Different Error Criteria
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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 AP, = 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

Cigre Egypt 2019
under 1% Change in load demand

Error criteria TIAE ISE ITSE ITAE
Ky 6.941 8.229 7.653
K; 8.339 9.948 9.004
Ka 1.561 1.467 2.92 .
Peak 0.0037 0.0038 0029 “0.0038
Settling time 1.9081 1.9187 . 1.5879

Case 2: SGHS based FOPID controller

In this paper, effect of four different cost functions on the opt i OPID parameters by using
e the FOPID parameters K,, Ki,

Kg, A and p to meet the system performances criteria. T
FOPID controller are shown in fig.5 and the numerica of settling time and peak over are given in the
table 2. It is clearly evident that ITAE objective fu FOPID controller gives a better dynamic
performance with fast settled response compared function based controller response.

1 <102 ep in load

| ' :
<
g
- O
<
S
g-1r 1
= IAE
= —SE i
> — I TSE
§ — ITAE
=3 b
F<d
[ .

i i : ; i ‘ i ‘ i
0.5 1 1.5 P 2.5 3 3.5 a a.s 5

Time (second)

ig.5: Frequency deviations of single area with FOPID controller
for Different Error Criteria

rison of system with FOPID controller for performance indices

Error criteria TAE ISE ITSE ITAE
7.635 8.150 9.584 8.089

Ki 13.974 15.058 14.266 14.009

A 0.922 0.898 0.918 0.924

Kd 2.880 4.166 3.828 2.656

n 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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em performance with different parameters (Kps, Tps, Ti, Tg, R) and apply load
n in fig. 8. However, the optimal controller parameters are not changed and
OPID and OFOPID controllers. Fig. 8 shows the dynamic performance of
s of the linear and nonlinear model. From the simulation results, it is observed
e system responses are obtained with the OFOPID compared to OPID controller
odel. Also it is clear that OFOPID controller has a better performance than the OPID
controller in linear model power system.
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Fig. 8: Frequency deviations in the non-reheat thermal power system with load disturbance
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due to 0%, +20% and -20 % uncertainties.

4.2 Three-area Interconnected power system
Casel: 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 APy = 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 w based OPID has the

best performance in three areas. N
4 <10~ 1% step in load demand of area 1 4 <1073 1°A"tep in Iound ‘area 1

—AE
—SE
— T SE | |
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Fig. 10: Comparisons of frequency deviation and tie line power
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flow with ITAE performance index

of three areas with OFOPID controllers

The FOPID controller has five parameters using SGHS technique
functions (IAE, ISE, ITSE and ITAE). Fig. 10 shows the dynamic

system optimized FOPID controller with ITAE performance index

to tune the controller for the four cost
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
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 tim

€.
Non-reheat Thermal plant Reheat Thermal plant i H ulic plant
Gains
& ts IAE ISE | ITSE | ITAE | TIAE ISE | ITSE | ITAE ITAE
Kp 7.299 | 5.594 | 8.584 | 8.905 | 4459 | 4736 | 4.116 | 4.226 (w 593 | 0.443
Ki 8.741 | 9.685 | 6.781 | 7.110 | 1.865 | 0.671 | 0.031 0.883 | 0.940
A 0.924 | 0.953 | 0.922 | 0.951 | 0.871 | 0.851 | 0.828 963 0.880 | 0.817
Ka 3.709 | 1.808 | 2.253 | 2.129 | 0.946 | 0.454 | 0.488 0. . 37 0.146 | 0.163
n 0.925 | 0.984 | 0.992 | 0.928 | 0.993 | 0.948 | 0.916 0.89() 0.990 | 0.991 | 0.960
ts 7239 | 7.070 | 7.372 | 4.718 | 12.39 | 17.30 | 12. 9:609 | 9.856 | 10.09 | 9.532

Case 3: Change of the load disturbance of three area
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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.

e N
Case 4: Nonlinear three different areas and Change the system parameters ‘\ )

at unitsin the three nonlinear
with a Qaggitude of 0.01p.u
dex are'not changed with

areas are assumed to be = 30% of their nominal values and the load disturban:
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Fig. 12: Frequency deviations in three areas with parameter variations.
S. 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:

TAE: 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;
K¢:  Speed governor gain constant and Tg:  Speed governor time constant;

K¢ Turbine gain constant and Te Turbine time constant;

R: Speed governor regulation parameter and B: Frequency bias parameter.
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Tpsl = Tp52 = Tps3 =20 sec;
Ty =Tg =0.08 sec;
B1 = B2 = B3 =0.425 p-u. MW/HZ

Plant-1: Non-Reheat Turbine Parameters:
Ki=1 ang I‘: 0.3 sec;

Plant-2: Reheat Turbine Parameters:
K¢=1 and T;= 0.3 sec and
Re-heater time constant (Low Pressure) Try = 10 sec and
Coefficient of reheat steam turbine (High Pressure) Kr = 0.3;

Plant-3: Hydro turbine:

Hydraulic governor gain constant Kug =1 and
Speed governor rest time Tug2 = 41.6 sec. and
Transient droop time constant Trgi = 5.0 sec.
Water time constant Ty, = 1.0 sec.
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SUMMARY
In this paper, the performance of conventional protective device: eders 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 ea 1] e the shunt and series fault
positions are exchanged. When the shunt fault is downstream eri t, it is called single-phase
return fault where its detection is still a challenge in the redi S neous earth fault features

corresponding to an estimated frequency band is co e one power cycle for both phases and zero
' detection method, a detailed simulation
model was built using the ATP-EMTP progran vical distribution feeder from the Egyptian

with a reduction of its lengthy

KEYWORDS
Medium voltage distribu eeders, single-phase return faults, zero sequence current, Discrete Wavelet
Transform (DWT).

1. INTROD 10
Power s typically consist of primary feeders (redial) and secondary feeders

and sub-laterals wide spreading around urban or rural areas.
on feeders are also located near trees, and sometimes are accessible

laterals ffected 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].

ehab.nabil22@sh-eng.menofia.edu.eg

55



e/c|gre Cigre Egypt 2019

11 kV 11 kV

L7 )

I [
Feeder F\e/eder

Protection = - Protection - -

Source side Single-phase
return fault

simultaneous
earth fault

Loads Loads Loads Loads

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 1ngle—phase return
faults. These devices are failed because they operate using phase/sym components of
voltages and currents function that don’t discriminate those type of faults single-phase
return fault is a special type of faults because it still offers for attent' s an unsolved protectlon
problem [2]. The reason is caused to an extremely small ma, i
usually detected by the conventional protection devices. Ho
are dangerous due to the risks of electrocution and fire haza
The simultaneous faults are considered a special type of high i ance faults. Several methods
were used for detecting the high impedance faults where the fau
Fourier Transformer, Kalman Filter, and Discrete Wavelet Transformer (DWT). In [3-5], the
high impedance faults were detected using the . The has been used to detect the
high impedance due to learning tree by usmg e currents in unearthed MV network in
[3]. Similarly, the DWT has located the hig
direction in [4]. In [5], the DWT has dete ) me type of fault by using zero sequence
currents and voltages.
In this paper, the impact

conventional protective devices:in presented. The initial transient of both faults
is sensing based on the D f both phases and zero sequence current to
detect the fault instant and fau tively. Based on the phase currents, the faulted
phase has the highest n-it is compared with the other healthy phases.

Therefore, the Logic ions 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 syste i d using ATP/EMTP program. The arcing impedance fault is
niversal arc representation.

usi program [6]. The arcing fault model is represented by two series ports
h resistance and dynamic arc model, which is briefly discussed in [7]. The
considered values of resistive faults are 0.01, 300, and 1000 Q. Most tested cases are at Feeder
8 which is a double circuit configuration.
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Figure. 2. Overall the simulated system.,

Circuit breaker

o

Load

2. PERFORMANCE EVALUATION OF CONVENTIONAIQ__R(?)T
The performance of conventional protection relay is discusmfer 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 s

nts of currents and zero

-a, the value of positive
ch to 69.95 A due the open
negative sequence current (i)
. sec which is reached to 1.477 A as

sequence current (i;) is slightly decreased from
circuit fault occurrence at 0.08 sec. On the cont

to the open circuit fault as shown in Fi
detect this type of fault.

1]

1. First scenario: Open Cir
T T

AF a@hase—

2
LanY
18- .
X008 5 1 1
g M Y7182 i X01022 |
st xoit ~ _ Ll
Y.6095 P i
s ' S votu
895 ! : ‘ 0 ' ‘ ‘ ‘
006 02 0 005 0 015 02 024
Time (sec)
b)  Negative sequence.

X.00806
Y:0001393

12 I I I
015 02

Time (sec)
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 i; is slightly decreased to 64.84 A after the instant of
open circuit fault. Conversely, the value of i is increased to the value 4.425 A after the same
instant in Figure. 4-b. Similarly, the value of i, 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.

024
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Figure. 4. DFT-based amplitude of the sequence compon nts
3. Third scenario: Source side simultaneous earth fault (: MQ) at phase-a
As declared in Figure. 5-a, the value of i; is decreased to 70.42 A a e instant of open circuit
fault at 0.08 sec and then increased to 71.74 A after the short cir
contrary, the value of i, is increased to 1.622 A a

c) Zero sequence.

scenario.
un

\far the second

it instant at 0.16 sec. On the

slightly changed to 1.61 A at 0.16 sec as depic
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Figure. 5 DFT-based amplitude of the sequence components of currents for the third scenario.

024

4. Fourth scenario: Source side simultaneous earth fault with arcing fault associated with Rf=30042 at
phase-b

As seen in Figure. 6-a, the value of i; 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 7> 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 i, 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.
04 1—
Y0194
03f Y0363
s 02 |-
_O
ot X 01601
Y.0001702
0 L L : |

006 o 016 02 024
Time (sec)
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=30012 at
phase-b

As depicted in Figure. 8-a, the value of i; 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 i>
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 i, b es 0.4 A after the short
circuit instant. Consequently, the protective relay could not detect thi
to the conventional settings.
As discussed in this section, the impact of open circuit fault
fault on the protective device is evaluated. Unfortunately,
types of fault and don’t operate at the instant of faul
performance is caused by the small fault value of the curre measured through or calculated
by the device. Accordingly, a proposed technique is-used to a this shortage.

principles are discussed in Appendix secti
faulty phases can be generalized using Fig

ower frequency where sampling frequency is
one by calculating the absolute sum of details d>

S J(K)=3" a2 i, (n) 2)

Sdz (k) = Zf:k—l\'H

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.

d2 i (n)‘ (3)

—"ab,c
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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: v
The performance of the detector Sa , for different zer ence current at all cases which the
protection relay doesn’t operate. As seen in Figure 11, rfo of the absolute sum of
zero sequence currents in all cases. In Figure 11- -a, the absol e sum of d> at the instant of open
circuit fault is increased which reach to 0.04. Si y, in Fi -b the value of the absolute
sum is increased which reach 0.96. As declared in Figure 11-c
increased at two instants (open circuit-short circ Wrst instant, the value of the absolute
sum is reached to (0.04) and the value of Sy i extinstant is reached to 1.55. As depicted
in Figure 11-d, the value of Sa2 i» is increa d a nstants which reach to 0.009 and 0.159,
respectively. Based on fourth results hnique detects all cases at the instants of
the simultaneous fault.
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impedance

Figure. 11. Performance of the absolute sum of d» for i, 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, Dap 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, Dap is positive and D is negative, which mean the faulty phase is phase a
for the circuit (1) and Dy is positive and Dap is negative, which mean the faulty phase is phase b
according to the large value of Sis, Sib. As declared in Figure 12-c, Dy is positive and De, is
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negative, which mean the faulty phase is phase a based on the large value of Si.. As depicted
in Figure 12-d, Dy is positive and Dab is negative, which mean the faulty phase is phase b
according to the large value of S;jp. 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.
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Figure. 12. Performance of the absolute sum of dz for phases. nt at different fault

condition.

5. DISCUSSION AND CONCLUSION
Impact of open circuit fault and load side si
protection relay could not detect those types of

s earth fault have been presented. The
posed technique for detecting those
extracted using DWT. The proposed
g the real network. Therefore, sensitive

technique behavior has been investiga
[ phase using DWT.

and secure detection of the instants

network, it contains the MV network which
substation which reach to distribution panels.
These distribution pa

current described
The feeders are r

g a frequency-dependent Marti model as declare in this figure.

SECONDARYSUBSTATION

PRIMARY SUBSTATION

tal ta Al 8l
2 P 3 L]

Universal Arc Representation

Figure. 13 ATPDraw network
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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:

DWTy f (m k)= \/_Z ().,,[k nb,a,” j (4)

where y(.) is the mother wavelet that is directly dilated and translated by a,” and nb.a,™,
respectively. a, and b, are fixed values with a,>1 and b,> 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, a,=2,
and b,=1. Several wavelet families are tested to extract the fault feature using the wavelet
toolbox incorporation into the MATLAB program [8]. Daubechies wavelet 14 (dbl4) is
appropriate for detecting these faults.
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SUMMARY
In this paper, the performance of conventional protective device: eders 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 ea 1] e the shunt and series fault
positions are exchanged. When the shunt fault is downstream eri t, it is called single-phase
return fault where its detection is still a challenge in the redi S neous earth fault features

corresponding to an estimated frequency band is co e one power cycle for both phases and zero

sequence current of the feeder. In order to eval detection method, a detailed simulation
model was built using the ATP-EMTP progran vical distribution feeder from the Egyptian
network and the arc model are also used in thi 1g the universal arc representation. The results

with a reduction of its lengthy

KEYWORDS .
Medium voltage distribut @ ceders, single-phase return faults, zero sequence current, Discrete Wavelet
Transform (DWT).

10

Powe s typically consist of primary feeders (redial) and secondary feeders
f and sub-laterals wide spreading around urban or rural areas.
on feeders are also located near trees, and sometimes are accessible

laterals ffected 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].

ehab.nabil22@sh-eng.menofia.edu.eg
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11 kV 11 kV

L7 )

I [
Feeder F\e/eder

Protection = - Protection - -

Source side Single-phase
return fault

simultaneous
earth fault

Loads Loads Loads Loads

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 1ngle—phase return
faults. These devices are failed because they operate using phase/sym components of
voltages and currents function that don’t discriminate those type of faults single-phase
return fault is a special type of faults because it still offers for attent' s an unsolved protectlon
problem [2]. The reason is caused to an extremely small ma, i
usually detected by the conventional protection devices. Ho
are dangerous due to the risks of electrocution and fire haza
The simultaneous faults are considered a special type of high i ance faults. Several methods
were used for detecting the high impedance faults where the fau
Fourier Transformer, Kalman Filter, and Discrete Wavelet Transformer (DWT). In [3-5], the
high impedance faults were detected using the . The has been used to detect the
high impedance due to learning tree by usmg e currents in unearthed MV network in
[3]. Similarly, the DWT has located the hig ,
direction in [4]. In [5], the DWT has dete ) ne type of fault by using zero sequence
currents and voltages.
In this paper, the impact

conventional protective devices:in presented. The initial transient of both faults
is sensing based on the D f both phases and zero sequence current to
detect the fault instant and fau tively. Based on the phase currents, the faulted
phase has the highest n-it is compared with the other healthy phases.

Therefore, the Logic ions are suggested to determine the faulted phase. The proposed
algorithm is evalu ifferent fault location of the real 11 kV earthed network. This medium
distribution syste i d using ATP/EMTP program. The arcing impedance fault is
iversal arc representation.

usi program [6]. The arcing fault model is represented by two series ports
h resistance and dynamic arc model, which is briefly discussed in [7]. The
considered values of resistive faults are 0.01, 300, and 1000 Q. Most tested cases are at Feeder
8 which is a double circuit configuration.
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2. PERFORMANCE EVALUATION OF CONVENTIONAI:_I_’_“R(?F)T

The performance of conventional protection relay is discus
open circuit, source side simultaneous earth fault, and the lo

the end of the line.

As seen in Figure. 3, the DFT-based amplitude of the s

sequence current (i;) is slightly decreased from
circuit fault occurrence at 0.08 sec. On the cont

Ng

to the open circuit fault as shown in Fi

detect this type of fault.
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onsequently, the protective relay could not
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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 i; is slightly decreased to 64.84 A after the instant of
open circuit fault. Conversely, the value of i is increased to the value 4.425 A after the same
instant in Figure. 4-b. Similarly, the value of i, 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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Figure. 4. DFT-based amplitude of the sequence compon nts
3. Third scenario: Source side simultaneous earth fault (: MQ) at phase-a
As declared in Figure. 5-a, the value of i; is decreased to 70.42 A a e instant of open circuit
fault at 0.08 sec and then increased to 71.74 A after the short cir
contrary, the value of i, is increased to 1.622 A a

c) Zero sequence.

scenario.
un

\fnr the second

it instant at 0.16 sec. On the

slightly changed to 1.61 A at 0.16 sec as depic
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Figure. 5 DFT-based amplitude of the sequence components of currents for the third scenario.

024

4. Fourth scenario: Source side simultaneous earth fault with arcing fault associated with Rf=30042 at
phase-b

As seen in Figure. 6-a, the value of i; 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 7> 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 i, 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.
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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=30012 at
phase-b

As depicted in Figure. 8-a, the value of i; 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 i>
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 i, b es 0.4 A after the short
circuit instant. Consequently, the protective relay could not detect thi
to the conventional settings.
As discussed in this section, the impact of open circuit fault
fault on the protective device is evaluated. Unfortunately,
types of fault and don’t operate at the instant of faul
performance is caused by the small fault value of the curre measured through or calculated
by the device. Accordingly, a proposed technique is-used to a this shortage.

principles are discussed in Appendix secti
faulty phases can be generalized using Fig

ower frequency where sampling frequency is
one by calculating the absolute sum of details d>

Sdz —io (k) = Zi/ﬁml

out a sliding window covering the all samples in the power frequency cycle

d2_i,(n) 2)

Sdz (k) = Zf:k—l\'H

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.

d2 i (n)‘ (3)

—"ab,c
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Figure. 9. The proposed detection technique. Figure. 10. a) Fault phase sele ivity.
____b) Equivalent function
4. DWT-BASED FAULT DETECTION \

Fault detection performance: ) A4
The performance of the detector Sa , for different zer ence current at all cases which the
protection relay doesn’t operate. As seen in Figure 11, rfo of the absolute sum of
zero sequence currents in all cases. In Figure 11- -a, the absol e sum of d> at the instant of open
circuit fault is increased which reach to 0.04. Si y, in Fi -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 circ Wrst instant, the value of the absolute
sum is reached to (0.04) and the value of Sy i extinstant is reached to 1.55. As depicted
in Figure 11-d, the value of Sa2 i» is increa d a nstants which reach to 0.009 and 0.159,
respectively. Based on fourth results hnique detects all cases at the instants of
the simultaneous fault.
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¢) Load side simultaneous earth fault. d) Load side simultaneous earth fault with arcing
impedance

Figure. 11. Performance of the absolute sum of d» for i, 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, Dap 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, Dap is positive and D is negative, which mean the faulty phase is phase a
for the circuit (1) and Dy is positive and Dap is negative, which mean the faulty phase is phase b
according to the large value of Sis, Sib. As declared in Figure 12-c, Dy is positive and De, is
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negative, which mean the faulty phase is phase a based on the large value of Si.. As depicted
in Figure 12-d, Dy is positive and Dab is negative, which mean the faulty phase is phase b
according to the large value of S;jp. 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.
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ot X0.1248 g T 0t
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¢) Load side simultaneous earth fault. d) Load side simultaneous earth fault with arcing impedance
Figure. 12. Performance of the absolute sum of d» for phases . nt at different fault

condition.

5. DISCUSSION AND CONCLUSION
Impact of open circuit fault and load side si
protection relay could not detect those types of
faults has been discussed. The fault fea
technique behavior has been investiga
and secure detection of the instants of
6. APPENDIX

s earth fault have been presented. The
posed technique for detecting those
extracted using DWT. The proposed
g the real network. Therefore, sensitive
y phase using DWT.

network, it contains the MV network which
substation which reach to distribution panels.
These distribution pa

current described
The feeders are r

g a frequency-dependent Marti model as declare in this figure.

SECONDARYSUBSTATION

PRIMARY SUBSTATION

tal ta Al 8l
2 P 3 L]

Universal Arc Representation

Figure. 13 ATPDraw network
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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:

DWTy f (m k)= \/_Z ().,,[k nb,a,” j (4)

where y(.) is the mother wavelet that is directly dilated and translated by a,” and nb.a,™,
respectively. a, and b, are fixed values with a,>1 and b,> 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, a,=2,
and b,=1. Several wavelet families are tested to extract the fault feature using the wavelet
toolbox incorporation into the MATLAB program [8]. Daubechies wavelet 14 (dbl4) is
appropriate for detecting these faults.
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SUMMARY
This paper presents an optimum method for imm ower system harmonics level by using
ted to

shunt passive tuned filters, which are connec the power system networks. Power system
harmonics are defined as sinusoidal voltage and cu at frequencies that are integer multiples of
hey constitute the major distorting components of

. The increasing content of power system inter-

gat are not integer multiples of the fundamental,
ctric generator excitation has become the major
oltage or current waves and presence of current

. When the harmonic current passing through the impedance of the
ill appear. The considered non-linear load is the excitation of 1200-
wer plant. This approach is applied to improve the power system
ng two passive single tuned filters which are in the 11™ and 13™ harmonic
harmonic distortion THD of voltage and current, the filter quality factor,

effect of filter detuning, effect of manufacturing tolerance of filter

L and C can be determined for each of the two filters. The considered generator
cated in El-Dabaa Nuclear Power Plant located in El-Dabaa City, Egypt.

KEYWORDS

power system harmonics level, nuclear power plants, generator excitation, shunt passive filters, power
system networks, total harmonic distortion of the voltage and current.
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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: (T

. L
1) Harmonic contents. L . 9
2) The system frequency. A -\
3) The voltage and current distortion. L \)
A N o

4) Degree of voltage stability.
5) Balancing and symmetry of three-phase system voltage values.

voltage) at each consumer terminals the power quality international s ards, 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 gen citation which contains the DC-choppers in
the case of normal operation. In a six-pulse and erters, the characteristic harmonics are
the non-triple odd harmonics, for example th . etc. The formula for the harmonic
current components of the A.C. current w

h=kq=*1

Where h is the harmonic &%&ger and q = pulse number of the DC-converters

[2].

Lo

Other Loads

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:

N
Sz
SR
SN

THDv =
2
T
| Y }‘

Where Vn is magnitude of the voltage at harmonic n in volts, V1 is‘magn (Ne voltage for
the fundamental frequency, and N is the maximum harmonic order t onsidered. Similarly, the
current total harmonic distortion (THD1) is defined as follows: A \‘“vJ

N
THD | = yn=2s (3
I,
Where 12, 13,... IN are the harmonic currents, 1 s, and I1 is the fundamental frequency

current, in amperes.

Then, the filter capa01taQ m&
C

CcC = 0 s 4)

Where V is the s phas Voliage, Qc is the filter quality factor, wo=2nfo and fo is the
fundamental frequ

ce can be determined as the following:

©)

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 f 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,(%i)lljmits are given
in Table (II). In Table (II), the Isc/IL ratio shows the relative impact that a givk{ c er can have on

1 D N
the utility. i -/ \
¢ \ R |
TABLE I \‘ “,
THE IEE-STD 519-1992 VOLTAGE T TS o

Bus voltage at PCC Individual voltage tal voltage distortion
distortion (%) L HDv (%)
69 KV and below 3 5
69.01 KV through 161 KV 1.5 2.5
161.01 KV and above & 1.5

LE II
THE -STKI 9 RENT THD LIMITS

dividual harmonic order (Odd harmonic)
(o)
ISC/1 < 11<h<17 17<h<23 23<h<35 35<h THDi
%
@ .
1 4 2 1.5 0.6 0.3 5
20 <1ISC (‘ 7 35 2.5 1 0.5 8
/1 <100 10 4.5 4 15 0.7 12
100 < ISC/1 <1000 12 5.5 5 2 1 15
ISC/1 > 1000 15 7 6 2.5 1.4 20

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
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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 0.113Q, 0.18mH and 0.318uF,
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].

220 KV
Yy
Cable : 0.18 mh, 0.318 pF, 0.113 Q PCC

220/20/20 KV
36 MIVA .
Z=12.54 %

12-pulse converter
load

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 g

loading conditions, as given in table (III),
are dependent upon the operation con Q

wer plant generator [6].

"FABLE I

HARMONIC g T OF THE VOLTAGE AND CURRENT WAVES AT THE PCC
Loading conditi\ onic order Voltage (V) Current (A)
@ .
1st 20559 -13 16392 -20
GerlQggtor Opgjation at 11t 2466.-31 1731 L-284
dition
13th 1358 L-119 940 L-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.

80 -

=1 W

Mag % of Fundamenta]

] 200 400 s00 s00 1000
Freguency [(H=z])

Figure (4)-b:The harmonic analysis of the current at the PCC for the base load.
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Figure (4)-c: The voltage waveform at the PCC for the base load condition.
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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 ( I1 ), 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 (I ),
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].

69



! |
gl'e CIGRE 2019

Zee=j0.1254 Zg = 0.01017 + jO.00508 - - PCC
1 1 >

Ve =112 C) Y ep=35.55%107 Y= j5.55%107*

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 edance of cable
conductance (resistance and inductance) which equals 0.01137-pu, and the gmcitaﬁon 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 equal VA. I@lear that the

most of short circuit current passes through the impedance o e conductance (resistance and
7992/1 = 0.49. Thus, the
]

inductance), and it is found that Isc = 7992 A, hence the ratio Isc

first row in Table (II) is applied and the THDi limit is equal

IV. DESIGN OF THE TWO PROPOSE IVE TUNED FILTERS
PARAMETERS

Now, choosing different capacitance values
filters parameters R and L are computed, by usi

. (7). As a first step, before carrying out

the largest capacitance “C” that can be connected at
the PCC. It is of importance to note i& 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@ rs cost can be greatly increased when larger values of filters
capacitances C are chosen. Selecting differ or the connected capacitance, the PCC voltage
values are computed and shown ig. (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 pF.

Note that for each ‘capacitance chosen value, the filter resistance R (in Ohm) and the filter
inductance L (in

YR (6)
L (7)
w €
Where, =27 x50 x 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].

o =o an =T = o
Capacitance  (rmicro farad)

Figure (6): Voltage across the connected capacitor for different capacitance values.

EG L] R ]
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From the previous studies, it is found that choosing capacitance for each of the proposed two
filters to be equal SOuF, (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 uF < C11 <50 pF

.

10 uF < C13 < 50pF {\
Where, Ct=C11+ C13 L N N
A W\
For the considered capacitance value for each of the proposed filter, corre@ing R and L
parameters values are computed by using Eqns. (6) and (7) and t ined Its are-given in Table
Iv).

TABLE IV
PARAMETERS OF THE PROPOSED TWO UN:i LTERS.

11th harmonic 3th harmo

filter parameters ilter parameters

mH) | (uF)

1.2 | 50

Considering the tw rs parameters values, as given in Table (IV), the values of the total
harmonic distortion 0&\ t and voltage results are given in Table (V).

TABLE V
RESULT q VER SYSTEM HARMONICS STUDIES FOR TE POWER SYSTEM
ORKS WITH THE PRPOSED TWO FILTERS.
Calculated THD Results
THDi % THDv %
0.42 0.11
Now, by using simulink

simulation, the current and the voltage waveform at the PCC are obtained as shown in Fig. (7) a and b.
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Figure (7)-a: The current waveform at the PCC after connecting the two proposed filters.
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fter connecting the two  proposed filters.

s before and after the two proposed filters
igs. (7)-a and b, yields that a nearly sinusoidal

e povvysystem harmonics problems resulted from nuclear power plant generator
he 12-pulse converters are used for the generator excitation. From the power
ent studies, which are carried out considering the generator excitation

* 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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Protection Audit of 220/132/66 kV Substation

NIRAYV TAUNK, SHAILESH MODI, SHEFALI TALATI, VINOD GUPTA
Electrical Research And Development Association
India

SUMMARY

In the power system world, protection is an insurance policy which is;an stment against
damage from potential faults and its main objective is to avoid the u%inten‘upted
tripping of generators & system connected with transmission lines 50.as to avoid any blackout
On July 30" & 315 2012, India has experienced severe powe outmhwh‘@}the Central
Electricity Authority (CEA) of India to instruct regional / central:/ state utilities to carry out

obustness of protection
e continuity of service.
the inadequacy, fitness,

setting & schemes and it is necessary to carry out this a
The audit process can be methodically conducted by
inappropriate application of individual elements (all type
settings, Current Transformer (CT), Pote nsformer (PT), Capacitive Voltage
Transformer (CVT), DC power supply‘me ers/loggers, Power Line Carrier
Communication (PLCC) Optic ﬁber links a sting and maintenance records of all relays,

This paper describes the protecti adopted in one of the existing substations of a utility.
ERDA has carried out short circui s, protection scheme verification with respect to
protection philosophy ay set ication and have given recommendations for
1mprovement whe Qequi{ed. For this work, power system E-TAP package was used to

heWs. This paper also describes the protection normally required
accord@g to dard operating procedures mentioned in CBIP / CEA guidelines for utility

substations a par

KEYWORDS

Protect dit, 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 tmriodically.

L)

11 SIGNIFICANCE OF PROTECTION AUDIT =

A N a 0
The protection audit is a method to identify the shortfall ess, 1 opeF‘aEplication of
individual elements associated with equipment and transmissio e protection. It is an activity

to identify and weed out obsolete protection related
for the safety of high cost equipment used in substatio

power, fire hazard and loss of life. The aim of t dit is to the protection philosophy
by carrying out evaluation of relay coordination rotection settings; checking healthiness
of DC system, communication link with respect tection system, time synchronization

IIT PROCE OR‘UDIT OF SUBSTATION
The audited substation sy e V network having 10 feeders (Station A-1 to
10); 132 kV Network with B-1 to 10) and 66 kV network of 6 feeders
(Station C-1 to 6). It is also havi er connected between 220 & 132 kV voltage
level (100 MVA) and nsfo
MVA each). All related-data for conducting study in ETAP is collected including load data,
p ay settings, existing line /cable data, etc.

As part of protecti t, first of all load flow study of the system as per Fig. 1 was carried
ou
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Fig. 1. Single Line Diagra

The summary of the analysis is prese y
Table 1: ar %en ration, Loading & Demand
MW Vv MVA % PF
\

J
11.635 543.135 99.98 Lagging

otal  Static 0.227 542.432 100.00 Lagging
Load
Ap 0.580 11.408

Losses

Source (Swing
Buses)

Total Dem

11.635 543.135 99.98 Lagging

d

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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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.
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Fig. 4. Single line detailed diagram of fault condition at station A-8
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Fig. 5. Relay Operation graph during fa& )
A 4
TABLE 3 Sequence of Operation Event Summary ort TAP
’ 4
Symmetrical 3-Phase Fal*
Time D If (kA) [T1 (mS) Condition
(mS)
295 Relayl2  [34884 | 295 Phase - OC1 - 51
305 CBI1 10.0 y Relay12 Phase - OC1 - 51
1191 Relay46 1342 |1 Phase - OC1 - 51
1201 CB52 k ped by Relay46 Phase - OC1 - 51

BIP Guidelines:

following protection scheme of system was

D. Review of Protection

After checking appropriateness
reviewed as per CEA ines.

i) Transmission rotection

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 KkV 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

¢) 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.

P N

Periodical testing through accredited laboratory should also be ca ('ed‘ for checking
healthiness of DC system, PLCC, TSU, C.B.s and relay. Periodic coﬂitioMit&‘ing of relays
also helps to maintain healthiness of protection system. M N « |

\V
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Enhancement of Current Transformers Maintenance Operations Using Nanoparticles

Sobhy. S. Dessouky Saad A. Mohamed Abdelwahab Mohammed Shaban
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Port Said University University Egypt
Egypt Egypt

SUMMARY

cleaning the insulations, tighten the screws and follow up the oil level.
insulation tests, turns ratio test and a saturation curve test. Test

internal transformer status. In this paper, maintenance of the'\CT
technique. In the proposed maintenance technique, the nanoparticles (NPs) are used to treat the low
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 akfprmed within the oil. Due to the repetition of
operations, CT becomes invalid and must be replaci another new one, because it is dangerous
to individuals and equipment surrounding it. attract these particles and raise the
electrical insulation level of the CT. An electri ation test of the CT is performed before and

KEYWORDS

Current transformer; nan icles; insulation resistance test, dissipation factor and breakdown
voltage test.

I. INTRODUCTIO

Instrument trans used for transmission and distribution of the electrical power. It is
divided 1 ojk oltage transformers. Current transformers decrease the large values of

values are used for instruments and protective relays. In substations,
e arteries of the electric power transfer. The CTs are as the sensors for
the exten 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 curren
has no anti-magnetic effect generated in the primary coil, and consequently crease the voltage
on the secondary terminals. It causes saturation of the transfo tic fields and
increased of internal heat resulting from eddy currents and Ma, X
cause the explosion of the transformer and porcelain has been i mall parts that be
represented projectiles that affect individuals and equip \3}
Previous efforts and research have been made in the ﬁest oisture 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 pr s face e transformer were analyzed
during design, manufacturing and maintenance. An alternative program was developed for the

current affects the electrical ins
DF [5]. The current transformer
Calibration was performe ddress
[6].

The aim of this rese

sformer; repeated faults increase the value of the
capacitive current winding and phase angle.
or under operating conditions at values 100 kV and 2000A

rove the electrical insulation properties of the current transformer
It olutlonlzed this century because it’s small size, ease of preparation,
operties and low cost. The NPs have many types that are used electrical
@( sand Ti02). In this work titanium oxide is used to produce nano-oil, the
is ‘developed by using nano oil. The research organized as follows; First,
ion 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
82

Electrica



/f
’Clgl'e
, Cigre Egypt 2019
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.

1L o : \\
Figure 1: The current tralkorﬁ‘ WML)
A . 4

e Break Down Voltage Test
This test reveals the validity of the oil if the BDV w low. this is evidence of internal
N1

cfis If the insulation is high, this means
%' ensive detection of the oil condition and
e result shall be satisfactory, if the BDV

m. It was Invalid and indicated there

problems and it can only be used after .re
indicates the safety of the oil. This test is a
portable can be used in stations. In rated

is (BIDDIe).It has two units one of them for control and other
of voltage injected 10 kV, apparent power 1 KVA and current 0.1
oltage and current are measured through the insulation. If the angle
ent is (0), therefore the completed angle is (8) that very small value.
§ better insulation and increased is bad insulation. The typical tan (5)
at 20 ° C. Connectors to test the CT are shown in figure 2.

injected terminal

——

— eround terminal

Figure 2: DF test for CT
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e 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 TiOx. 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.

Transformer Oil Mixer Titanium oxide
machine

Ultrasonic

= =

Infrared

-

Nano oil

—

BDV Test

Figure 3: Steps to prepare nano-oil

TiO; is obtained Mmika) company as a powder with a particle size below 100 nm

ive density of 4.26 g/ cm3. In order to melt TiO; in the oil must be used
he ultrasound frequency is used at 65 kHz and the waves are concentrated
D> was melted into the oil. Despite the benefits of ultrasound, it caused
; and dissolved gases in the oil. To treat these problems, thermal energy
e infrared is used for heating the oil, removing moisture and Purifying the oil from
dissolved . 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.

—
z4
N—
mold oil > 30 -
L] i 22
new oil m

" nano oil 10

repeat 1 repeat2 repeat3 repeat4 repeat5 repeat 6
No. of repeats the test

Figure 4: The BDV measurement for CT.

From the graph, the approximate value of new oil and n oil is own‘) illustrate the
improvement, the t-test was used. T-test is one of the mosthmpfmant statistical tests and most
commonly used in research studies. It is used to dete esence, of statistical significance
between two samples. The test was performed usmg m, between two sample
assuming equal variances, the results are shown in Table l

Table 1: T-test of BDV for CT.

T-Test: Two-Sample A ing Equal Variances
comparison 1 omparison 2 comparison 3
nano oil W 0l oil new oil old oil nano oil
Mean 52.23333 51667 55 39.51667 52.23333
Variance . ﬁ 0 229667 0 0.229667 0.014667
Observations 6 6 6 6
Pooled Variance 0.114833 0.122167
Hypothesized Mean
Difference 0 0
10 10 10
.9586 -79.1391 -63.017
4.03E-14 1.27E-15 1.23E-14
1.812461 1.812461 1.812461
8.06E-14 2.54E-15 2.46E-14
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; — y| €))

Where:-

i : The exact value

x;: The measured value

The relative error (R):- R= E * 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
Old oil Nano oil
E 15.5 2.8
R % 28.18 5.091

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

between DF was made when using nano oil and old oil. It turned out a

values in figure 5. The low value of DF is a clear indicator of improvw ;

v. The relationship
improvement in

1

0.8
X 06
. =
. 0.2
EN 1 :
ano oi o | I "I B ,
1KV 2KV 3KV 4KV 5KV

Injected voltage

the table 3.

Table 3: the standard d

0ld oil Nano oil
0.45 0.05
90 10
0.225 0.025
Thus, or rate is 10% when using the nano oil while error rate is 90% when
using the il. 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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Figure 6: (a) The IR measurement for CT. (We 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.

(b)

Interfacial polarization

L1l

{  Tio:=

Carbon shell

Interfacial polarization

Figure 7: The effect of IR on carbon and titanium oxide.

IV. CONCLUSIONS AND RECOMMENDATION
A. Conclusion
e Improve the conventional maintenance of the CT, where the basic problems were analyzed,

which cause deterioration.
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e Using nanotechnology to trap carbon atoms inside oil, to minimize its problems.
e Improving the BDV leads to a higher efficiency of the CT.
e Improve the isolation properties of the CT, Affects the results of IR and DF.

Cigre Egypt 2019

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:
e Perform electrical insulation tests for the CT annually instead of every 3 years.
e (Ts subjected to faults must be tested every six months.
e 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 succ e maintenance
process.
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Table A: Current transformer specifications:

Highest system voltage 72.5 kv
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Rated burden in VA 30 30 30 30
Accuracy class 0.5 5P 5P 5P
Year of Manufacture 1996
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SUMMARY

cleaning the insulations, tighten the screws and follow up the oil level.
insulation tests, turns ratio test and a saturation curve test. Test

internal transformer status. In this paper, maintenance of the'\CT
technique. In the proposed maintenance technique, the nanoparticles (NPs) are used to treat the low
is ‘mineral oil, it is a hydrocarbon

the transformer oil is dissolved and carbon atoms a rmed w
operations, CT becomes invalid and must be replaci another new one, because it is dangerous
to individuals and equipment surrounding it. attract these particles and raise the
electrical insulation level of the CT. An electri ation test of the CT is performed before and

KEYWORDS

Current transformer; nan icles; insulation resistance test, dissipation factor and breakdown
voltage test.

I. INTRODUCTIO

Instrument trans used for transmission and distribution of the electrical power. It is
divided 1 ojk oltage transformers. Current transformers decrease the large values of

values are used for instruments and protective relays. In substations,
e arteries of the electric power transfer. The CTs are as the sensors for
the exten 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 curren
has no anti-magnetic effect generated in the primary coil, and consequent crease the voltage
on the secondary terminals. It causes saturation of the transfo tic fields and
increased of internal heat resulting from eddy currents and Magnetic re X
cause the explosion of the transformer and porcelain has be&k i mall parts that be
represented projectiles that affect individuals and equip \BJ
Previous efforts and research have been made in the ﬁest oisture and marine pollutants
have an impact on the safety of the current transformer, so 5 it must be removed from the body of the
transformer to protect it from damage [1]. The pr s face e transformer were analyzed
during design, manufacturing and maintenance. An alternative program was developed for the

current affects the electrical ins
DF [5]. The current transformer
Calibration was performe ddress
[6].

The aim of this rese

sformer; repeated faults increase the value of the
capacitive current winding and phase angle.
or under operating conditions at values 100 kV and 2000A

rove the electrical insulation properties of the current transformer
It olutlonlzed this century because it’s small size, ease of preparation,
operties and low cost. The NPs have many types that are used electrical
@( sand Ti02). In this work titanium oxide is used to produce nano-oil, the
is ‘developed by using nano oil. The research organized as follows; First,
ion 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.

1L o : \\
Figure 1: The current tralkorﬁ‘ WML)
A . 4

e Break Down Voltage Test
This test reveals the validity of the oil if the BDV w low. this is evidence of internal
N1

cfis If the insulation is high, this means
%' ensive detection of the oil condition and
e result shall be satisfactory, if the BDV

m. It was Invalid and indicated there

problems and it can only be used after .re
indicates the safety of the oil. This test is a
portable can be used in stations. In rated

is (BIDDIe).It has two units one of them for control and other
of voltage injected 10 kV, apparent power 1 KVA and current 0.1
oltage and current are measured through the insulation. If the angle

s better insulation and increased is bad insulation. The typical tan (3)
at 20 ° C. Connectors to test the CT are shown in figure 2.

injected terminal

——

— eround terminal

Figure 2: DF test for CT
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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 TiOx. 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.

Transformer Oil Mixer Titanium oxide
machine

Ultrasonic

= =

Infrared

-

Nano oil

—

BDV Test

Figure 3: Steps to prepare nano-oil

TiO; is obtained Mmika) company as a powder with a particle size below 100 nm

a relative density of 4.26 g/ cm3. In order to melt TiO; in the oil must be used
es. The ultrasound frequency is used at 65 kHz and the waves are concentrated
. ‘?@) was melted into the oil. Despite the benefits of ultrasound, it caused

isture’and dissolved gases in the oil. To treat these problems, thermal energy
e infrared is used for heating the oil, removing moisture and Purifying the oil from
dissolved . 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.

—
z4
N—
mold oil > 30 -
L] i 22
new oil m

" nano oil

repeat 1 repeat2 repeat3 repeat4 repeat5 repeat 6
No. of repeats the test

Figure 4: The BDV measurement for CT.

From the graph, the approximate value of new oil and n oil is own‘) illustrate the
improvement, the t-test was used. T-test is one of the mosthmpfmant statistical tests and most
commonly used in research studies. It is used to dete esence, of statistical significance
between two samples. The test was performed usmg m, between two sample
assuming equal variances, the results are shown in Table l

Table 1: T-test of BDV for CT.

T-Test: Two-Sample A ing Equal Variances
comparison 1 omparison 2 comparison 3
nano oil W Ol oil new oil old oil nano oil
Mean 52.23333 51667 55 39.51667 52.23333
Variance . « 0 229667 0 0.229667 0.014667
Observations 6 6 6 6
Pooled Variance 0.114833 0.122167
Hypothesized Mean
Difference 0 0
df 10 10 10
-55.9586 -79.1391 -63.017
4.03E-14 1.27E-15 1.23E-14
1.812461 1.812461 1.812461
8.06E-14 2.54E-15 2.46E-14
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; — y| €))

Where:-

i : The exact value

x;: The measured value

The relative error (R):- R= E * 100 2)
The results of absolute and relative error were shown in table 2.

85



Gagre

Cigre Egypt 2019
Table 2: E & R results of BDV for CT
Old oil Nano oil
E 15.5 2.8
R % 28.18 5.091

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

between DF was made when using nano oil and old oil. It turned out a

values in figure 5. The low value of DF is a clear indicator of improvw ;

v. The relationship
improvement in

1

0.8
X 06
. =
. 0.2
EN 1 :
ano oi o | I "I B ,
1KV 2KV 3KV 4KV 5KV

Injected voltage

the table 3.

Table 3: the standard d

0ld oil Nano oil
0.45 0.05
90 10
0.225 0.025
Thus, or rate is 10% when using the nano oil while error rate is 90% when
using the il. 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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Figure 6: (a) The IR measurement for CT. ( e Leakage current measurement for CT.
A

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.

(b)

Interfacial polarization

L1l

{  Tio:=

Carbon shell

Interfacial polarization

Figure 7: The effect of IR on carbon and titanium oxide.

IV. CONCLUSIONS AND RECOMMENDATION
A. Conclusion
e Improve the conventional maintenance of the CT, where the basic problems were analyzed,

which cause deterioration.
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e Using nanotechnology to trap carbon atoms inside oil, to minimize its problems.
e Improving the BDV leads to a higher efficiency of the CT.
e Improve the isolation properties of the CT, Affects the results of IR and DF.

Cigre Egypt 2019

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:
e Perform electrical insulation tests for the CT annually instead of every 3 years.
e (Ts subjected to faults must be tested every six months.
e 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 succ e maintenance
process.
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Table A: Current transformer specifications:

Highest system voltage 72.5 kv
Insulation level 140/325 kv
Core Core Core Core
Rated voltage 66 kV 1 2 3 4
Ratio - primary amp 1200 - 600
Ratio - secondary amp 1 1 1 1
Rated burden in VA 30 30 30 30
Accuracy class 0.5 5P 5P 5P
Year of Manufacture 1996
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SUMMARY A N

This paper presents the effect of atmospheric turbulence, which is th&dlﬁ)rkecting energy
production in renewable sources such as photovoltaic cells. In fact, weather iMility not only
affects the energy production for PV and wind farms but also a eis mode operation for
switchgears which are a part of adaptive protection of the ‘he power generated by PV

energy generation of the shaded photovoltaic cells. Ho al methods have always
ignored the effects of atmospheric disturbances. Furthermor is paper deals with the climate
effects and their impact on the performance of PV stations, h
SCADA that to forecast PV generation power which wi

island operation and load island / isolate in ca PO yenerated of infinite bus exceeded the
rated power that to maintain the energy reliability art grid.
KEYWORDS

Pyranometer; SCADA ; atm
;adaptive ;wind farm ; islan

L INTRODUCTION
vironments 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 dependence from fossil fuels. Equitable access to energy is a basic
elopment and an important condition to galvanize economic growth.
gypt require informed long-term planning of the energy sector
1 level to expand existing electricity production capacities and meet
loubtedly, the Photovoltaic systems can be high reliable energy source in the
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.

1L PV PERFORMANCE MONITORING BY PYRANOMETER’S
Initially, the pyranometers [3] measures the solar radiation received by tm of the plane
from a 180 ° angle and the deviation [4] (i.e. (forecast/real) is less than 5 of the
cases and less than 10% in 90% of the cases as shown in figure 1. qu , expressed in W /
m?2, is called "solar radiation" of the hemisphere. |

\
~ \ Y

........

PV Generation
20 400
4

s | // \
{ / \
T T T
s 10 15 20
| ——
Time in hours

i N P N

Figure.1: Pyranometer used for PV system performance monitoring [3]and the difference between
the solar radiation real/monitoring by pyranometer[4]

The pyranometers is sui for use in SCADA systems

(control and data acquisition) and support for the modbus

remote terminal uni ia RS-485. In these networks

the sensor wor ng a tool in the network is reflected
easy or w n option to create an analog direct

con nA to record commonly used data

systems capa : g a signal from 4 to 20 mA diffuse

current. Global r: g |) includes direct sunlight

and nlight (and in some cases, composite '?
reflectio sunlight) as shown in figure 2. For the

purpose of monitoring the performance of photovoltaic
cells, IEC gives potential PV performance objectives 0 gigure.2 The global irradiance includes
determine the performance trends in individual PV direct sunlight and diffuse sunlight and
systems, localization of potential errors in the PV system,  specular reflections of sunlight. [3]
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.
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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).

DC
1 -
v
Utility-
Interactive
Inverter (v, 1, P, PF)

* Module Temp
AC 2
. - Ambient Temp
Disconnect "
= Irradiance

Network€ — —

v
Utility Grid

Data Acquisition System
Load

NATIONAL RENEWABLE ENERGY LABORATORY

F igure@l systMorl nd with the essential components [6]
\

The benefits of distri utMrator management include higher efficiency; improved supply
nd response capabilities; avoidance of over-capacity; better peak load

ork losses cost of network infrastructure support energy quality

central sta 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 .

small Business

Small WT - Small W
Transformer Station 8F  Transformer Station |
5

=

MV o LV
Switch I -

Distrbution mcc

Comm

Load
v

d islanded about utility grid during fault [6]

be pre-determined, that to use it in island mi it impact on voltage and frequency for the
microgrid. If the calculations of loads wer
capacity , then will lead to voltage dre
and under frequency requir S
shown in figure.6 [7].By solar irradi

200
i a7 i |_ ——iEEE 1517
180 £RC 561

68

67

= FERC 661-A/NERC PRC-024-1 7

o —wrcc
[

6o

and frequency decreased to out of tolerance as per over
s in figure.5 and over and under voltage standards as

—ECC
—IEEE1159

001 0.1 1 Tima(s) 10 100 1000 - I - ’ ""7‘:‘ ) -
Figure.5 Over and Under-Frequency Figure.6 Over and Under-Voltage Requirements
requirements of selected standards [7] of Selected Standards [7]

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 [S5]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
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demonstrate in the field of central protection coordination and active microgrid management,
active management functions include[6]:
e 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 (FO) sasne (0
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 il poun

Infinite Bus

promoting social, economic development and [ uowsoom
mitigating climate change and in this study will

use the model shown as figure 7 as a prototype . \)’Jﬁi‘[:
shows the model will be used in case study. It ] urt

120/25KV
SSSMVA

consists of three generation units; the first one is

an infinite bus 25kV/55 MW connected to theg Lo

utility grid by Bus 1. The second one is a wi s

farm 25kV/18MW consists of 12 doubly feed i s i |
induction generator (DFIG) units , each ut jﬁ/‘*’"l e i_"'-H
supply up to 1.5 MW connec T

Bus 2 ,Wind farm is feedin
directly by Bus 6.The th
photovoltaic farm 25kV/800 k
200kW by bus 7. A dynami , itconsists of two main loads (Load 4 equal 32.12MW
included a subload e a@] and oad 5is 32.12MW) and connected to the network at Bus 4
&S5 as shown in fi . .%ses are connected using a ring connection through a pi-section
transmission lines ifferent section lengths. The study of the effect of the exchange between
s of the network in the event of different weather conditions that lead

ifferent 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/m? 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
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Table 2: Power measured (MW) for each Source/Load for each Scenario

) Mw Wind Farm | PV Farm | Infinite bus Gross. Gross load
Scenario Production
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, 1% 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 .2" 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 rat er 55.5 MW ,then
SCADA will be islanded the bus 3 and sub-load in bus4 as shown in table 3. cenario, power
generation by wind farm is 18MW, SCADA system is monitoring the P er is 200 kW, no

internal fault event in the ring, then SCADA will be islanded the ‘bNas shown in table3. 41
scenario, power generation by wind farm is reduced to 4AMW. ADA 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., SCADA will be islanded the bus 3
& bus 4 and sub-load in bus4. In case of internal fault event in ring ADA will be islanded the

bus 3 and bus 4 even the weather conditions statufi )

Table 3: Island mode techniques by SCADA vs. Weather parameters

The Conditio sWamd
Wind Speed m/s I, W/m2 | Ring FaumSub ‘a Busl (Capacity) Island/Isolate

Mode
13 1000 Connected Under Not applicable
13 250 onne Under Bus 3
5 10 N \sland Over Bus 3
5 250 0 ~Island Over Bus 3 & Bus 4
5:13 250:1000 s - - Bus 3 & Bus 4

eight figures ,based on the simulation figure 8(a-b) show the measured
at high and low wind speed respectively , figure 8(c-d) show a PV
at high and low irradiance respectively , figure 8.e shows the gross power
ork vs gross power consumed by loads equal and the power shared by

. o
==
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Figure.8 shows (a & b) Wind Farm Power Measured at High and Low Wind Speed in Bus-2, (¢ &
d) PV Power Measured at High and Low irradiance in Bus-3, (¢) Gross Power Generated Vs Gross
Power Consumed over Grid & (f, h & g) Infinite bus Power Measurec&ian for Scenarios
1,2&3 respectively. k

- A
|

calculations of loads were not accurate” when :
the power forecasting by PV which equal 200k PV islanded at 2.0 sec " shows

in figure.9.c based on change of irradiance from 1000:250. W shows in figure.9.a,that
will be lead to set PV farm in over capacity (+30%) ,then be excuated to voltage drop
to(-36% v or equal 0.64 p.u) shows in figur ency droop to (-8% Fn or equal

55.4 Hz ) shows in figure.9.f,which S'i
simulation, but the load connected with PV was equal the power forecasting by PV
"domestic load equal PV power is 20 islanded at 2.0 sec ,there is no impact on
respectively shows in figure.9.e & figure.
is over capacity in second and forth
Bed with +6% above rated power, then the right
iority load (subload) which predetermined by
SCADA system, this do by disconnecting the subload when the capacity
measured on bus power value as shown in figure.9.h .The condition to
restoration the.i ere is enough electrical capacity by reconnecting the wind
farm if the ed is equal to or greater than the isolated load. If conditions are
1 remain the same. There is no doubt that the positive effect of
of the energy supply for loads in ring, especially in the worst weather

(b) (©)

7 25 El 35 E] ) ¢ 1]
Tmeane U ‘ T i T ‘ o

95



/4
¢C|gre Cigre Egypt 2019

(d) ®
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Infinite Bus power (MW) Vs Subload island Mode Status
) I I I I 1 ’ S Mv‘:SIand status.
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o 2 4 6 Time (seconds) 8 10 12 14
Figure.9 shows (a) Change an Irradiance fi h to Low which monitoring by SCADA , (b)
PV microgrid Island Mode Status , (c) P red at High and Low Irradiance in Bus-3,
(d & e) Voltage Measured in Bus-3 duri N 1 Capacity in PV microgrid islanded , (f
& g) Frequency Measured in luring ormal Capacity in PV microgrid islanded and

W. PV Farm | Infinite bus | Gross Prod | Gross Load
Scenar
Scenario 4 4 0.2 57.95 63.26 61.37
Scenario 4 4 0.2 51.39 58.26 56.37

S10
@ mpact of weather conditions factors that directly or indirectly reduce
wable sources as PV and wind farms. Explains how the SCADA and the
eter 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 implementatmable to replace
the conventional hardwire realization of operation and protection functions bwt munication
schemes without losing operation security or reliability. This enhanc t in subftativn functions
implementation leads to the emergence of fully digital substations way to inter-substation
communications as well as wide area protection and control which is a ranch of smart grid
realization. To replace direct wires with a peer-to-peer , The Intelligent
Electronic Devices “IEDs” must exchange status information high speed so as to avoid any
probability of losing a device status change indication before pe OMntrol action or to send a
protection signal to clear a fault instantaneously.

This paper is a quantitative approach to evaluate t erforman igital implementation of basic
substation functions such as protection and inter- ontrol. The results of this evaluation study are
erfo

then compared with conventional hardwired sc 1ance parameters to verify the significant
advantages of digital schemes.

1850 Test Suite Pro” software from Triangle
inent to the interlocking and protection functions.
gh an isolated local network. In the interlocking

IS switch. A new synchro-check protection scheme is added to the
Language (SCL) file and accordingly, one of the substation synchro-

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.

KEYWORDS

Digital substation, Substation Automation, IEC 61850, GOOSE, publishing, subscription, protection

emetwall@pgesco.com whyvousef@PGESCo.com
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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 status delivery
within real time protection and control facilities. Performing real-ti elivery GOOSE

communications offers time-critical features by using Ethernet (IEEE 802. ulticasgillg yaradigm.
quire

IEC 61850 Performance specification for critical-time communi ss than 3 ms end-to-
end Application-to-Application latency. This constraint has been studied in yrent aspects. To
evaluate the network delay and hence the SAS performance, modeling and simulation approaches were
pursued to simulate communications of both Ethemet—ba&_’ d Sampled Values (SV) [2].
Other researchers addressed co-simulation methodology, i.e. Loop (HIL) for studying
SAS communication behavior. In this approach, real IEDs are conne to a simulated network that
models actual networks complexities. Meanwhile, o researchers adopted real-time experimental
measurements to compute network delay [3]. N

t%ﬂ and protection network will be realized
t

In this paper, a simple implementation of a real
where two IEDs of the substation will be sim
implement two substation functions. T
experimental measurements. tim y an

paper.

PCs and communicate through a LAN to
k will be estimated according to real-time
is wi demonstrated in the last section of the

Theoretical Background

In order to replace direWs with er—tm communication network, the Intelligent Electronic
Devices “IEDs” must e nge information in very high speed so as to avoid any probability of losing

] ication or delaying a protection signal. To achieve this requirement, the
ecial mechanism or protocol for transmitting such critical information
d Substation Event “GOOSE”. IEC 61850 states that the signal of interest

eding this signal has to read it in the proper time. This transmitting IED is
IED that should get the transmitted information is called “Subscriber” [4].

Without any changes, the GOOSE-message is repeated
with Tmax until the next event / change.

-— tmax = —_————— tmax = _—

1024ms 1024ms

\ 4

time

In case of a information-change, the GOOSE-message will be repeated within
The repetition frequency is lowered until Trax is reached.

— tmax = —_— — t max = — time
1024ms 1024ms

»
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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 sync(]ﬂck 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 | ro”w‘t\ by Triangle
Microworks (TMW) to simulate the relevant IEDs. The IEC 61850 Te&ite application will run on
two PCs connected through an isolated local network. The Test suite will enable bothWto run as an
IED; a Bay Control Unit “BCU” or a protection relay.

First Scheme: Digital Interlocking Scheme Simulat@ \ :
This scheme is readily enabled on the substation BCUs. This scheme wi mulated 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 b -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). F'KQ(Novhe first and second bays details.

BayO1 Bay 02 Bay 03 Bay 04 Bay 05 Bay 06 Bay 07
Samalut Unit (1) Assiut Unit (2) Zahraa El-Maadi (1) Unit (3) Zahraa El-Maadi (2)

TR N

Y
i e e B i [ L
—1. " —]1. I —— |1 " —]1.

( ( (

T

[ [

I

l l
—__L “ —1. ‘ —1. -| —I.
'1 —1. ‘l ——]1. ~| —1.

A

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 BO1 BCU since it is the BCU controlling busbar 1 Fast Acting Earthing switch FES
Q331.

91



Gagre

Cigre Egypt 2019

It can be recognized from the GIS SCL file (written in XML language) that each BCU of the six bays
from B02 through BO7 transmits DS Q251 status through GOOSE message and the BO1 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.

Bay 01-BCU Bay 02-BCU
Samalut
FES Q333
' | |_/
DS Q242 DS Q241
ES Q342 i
o l_/ ‘| ™
_ CB Q502 CB Q501
— ES Q352 ES Q351
T 'l T
FES Q332
DS Q251
( DS Q252 N \
BB1 4
| o2 | fraest]
=g N,
- e —~—1-
B Q504 CB Q503
ES Q342 £s Q341
Ol —/4| Iy
FES Q333 DS Q242 DS Q241
ul FJ
Unit (1)

Fig.2 (b) Bay 1 and Bay 2 S howing devices under investigation DS Q251 and FES Q331

Data Object Naming a ing to IEC 61850

The data object and data a

names in IEC 61850 follow the structure defined in Fig. 3 (a) & (b)

J
Relay1/XCBR1$ST$SLoc$Sstval

[ SN SR S—
‘ L Attribut
Data

Functional Constrain
Logical Node

3

-—— Logical Device

(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 XSWIS5.

According to Fig. 3 (a) and (b) DS Q251 status data attribute is written as
“B02_MCONTROL1/XSWI1.ST.Pos.stVal”. Where, B02 MCONTROLI is the Logical Device (LD),
XSWII 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 BO1 BCU on one PC, this will be B02 BCU while the BO1 BCU itself will be simulated on the other
PC. As per the GOOSE protocol principle illustrated in Section (1), B02 BCU blish its GOOSE
messages on the local network and BO1 BCU will subscribe to them. To examh%ished GOOSE
stream, the “Wireshark™ network data analyzer is run on the subscribing PC simulating BO1 BCU.
Fig. 4 below shows a snapshot of the Wireshark capture depicting th OSE m{sAsages recorded

sequentially in time. o, 4
t \ A ")

A #Ethernet - a
Flle Edit View Go Capture Analyze Statistics Telephony Wireless Tools Help
AdEi® BRE Qe==25Tis =S aqan

[ ]goose B -]Expresson..  +

Packet: Gotopacket | | Cancel

No. Time Source Destination Protocal Length Info
1 0.000008 Dell 2b:47:ab Tec-Tc57_81:00:00 GOOSE 179
2 1.000328 Dell : Tec-Te57_81:60:00 GOOSE 179
3 1.999954  Dell Tec-Tes7_81 GOOSE 179
4 2,999943 Tec-Te57 81 GOOSE 179

""" e b Tec-Tc5: :00

<— Initial steady state transmission

64.048798 Dell 2b:47:ab Tec-Tc57_B1:09:00 GOOSE 177

7 4.062667 Dell 2b:47:ab Tec-Tc57_61:06:00 GO0SE 177

8 4.078033  Dell_2b:47:ab Iec-Tcs7_01:09:00 GOOSE 177

94.093686 Dell 2b:47:ab Tec-Tc57_B1:68:80 600SE 177

10 £.140526  Dell _2b:47:ab Tec-Tc57_61:00:00 600SE 178

11 4.213578  Dell 2b:a7:ab Iec-TcS7_81:00:00 GOSE 178

12 4.369748  Dell 2b:47:ab Tec-Tc57_61:06:80 600SE 178

13 4.6978%0  Dell_2b:47:ab Iec-Tes7_01:00:00 6OSE 178 “Packet 1n0.6” Start Of new GOOSE
14 5.338448  Dell 2b:47:ab Tec-Tc57_B1:68:80 600SE 178 :

15 6.338498  Dell_2b:47:ab Tec-Te57_61:00:00 GOOSE 178 transmission after data Change
16 7.338888  Dell 2b:47:ab Tec-Tc57_B1:06:00 600SE 178

17 5.338426  Dell 2b:47:ab Tec-Tc57_61:06:80 600SE 178

18 9.338423  Dell_2b:47:ab Iec-Tes7_01:00:00 6OSE 178

19 10.338761 Dell 2b:47:ab Tec-Tc57_B1:68:80 600SE 178

20 11.338416 Dell _2b:47:ab Tec-Tc57_61:00:00 600SE 178

> Frame 7: 177 bytes on wire (1416 bits), 177 bytes captured (1416 bits) on interface @

> Ethernet II, Src: Dell_2b:47:ab (b8:ac:6f:2b:47:ab), Dst: Iec-Tc57_01:00:@0 (81:0c:cd:01:00:00)
> 882.1Q Virtual LAN, PRI: 4, CFI: @, ID: @

> GOOSE

@1 oc cd @1 ee @@ bs ac 6 2b 47 ab 81 @@ B2 @@ ........ otG..... A
58 b3 30 00 60 O 00 60 08 00 61 51 94 80 1f 42  ..8..... ..3....B
3@ 32 5T 4d 43 4f 4e 54 52 4F 4c 31 2f 4c 4c 4= @2_MCONT ROL1/LLN
30 24 47 4f 24 63 62 47 6f 6f 73 65 53 54 81 @1  @$GO$cHG coseST..

14 82 1c 42 30 32 5T 4d 43 4F 4e 54 52 4f 4c 31  ...B02_M CONTROLL

2f 4c 4c 4e 30 24 64 73 47 6f 6f 73 65 53 54 83 /LLN@Sds GooseST.

68 42 30 32 5f 4d 5 53 54 84 68 5b 73 6 93 le  .BE2 M S T..[s... v
© 7 wireshark_CSFC192C-0369-4721-6116-136DD7584671_20180815111517_a09752 Packsts: 20 - Displayed: 20 (100.0%) - Marked: 1(5.0%) - Dropped: 0 (0.0%) || Profile: Default

investig has 10 data attribute values (one of them is our XSWII 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
XSWII 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.
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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.

a Wireshark - Packet 9 - GOOSE stream 15-08 - a

> Frame 9: 177 bytes on wire (1416 bits), 177 bytes captured (1416 bits) on interface @
b Ethernet IT, Src: Dell_2b:47:ab (b8:ac:6f:2b:d7:ab), Dst: Tec-Tc57_01:60:00 (@1:0c:cd:01:60:00)
b 882.1Q Virtual LAN, PRI: 4, CFI: @, ID: @

4 GOOSE
APPID: @x30088 (12288)
Length: 159

Reserved 1: Bx880 (8)
Reserved 2: Bx@e@ (8)
goosePdu
gocbRef: BO2_MCONTROL1/LLN@3GOScbGooseST
timeAllowedtolive: 48
datSet: B@2_MCONTROLL/LLN@SdsGooseST / Dataset name
goID: Bo2_M_ST
t: Aug 15, 2818 88:22:52.784999966 UTC
sthum: 6

S

saun: 2 < Sequence number
test: False
confRev: 1
ndsCom: False
numDatSetEntries: 10
4 allData: 1@ items
> Data: boolean (3)
Data: bit-string (4)
Data: integer (5)
Data: bit-string (4)

et bootem ) GOOSE Control Block dataset
Data: bit-string (4)

pota: pee < content: 10 data attributes
ata: bit-string (4)
Data: bit-string (4)
Data: bit-string (4)

@1 0c cd @1 00 00 b3 ac 6f 2b 47 ab 81 @@ 50 @ ~
88 bs 30 80 @0 9f 00 82 00 00 61 81 94 88 1f 42  ..@..... .. a....B

30 32 5f 4d 43 4f 4e 54 52 4f 4c 31 2f 4c 4c de  B2_MCONT ROLL/LLN

38 24 47 4f 24 63 62 47 6f 6F 73 65 53 54 81 @1  B$GOScHG 0oseST..

28 82 1c 42 30 32 5 4d 43 4f 4e 54 52 4f 4c 31 (..B@2_M CONTROLL

2f 4c 4c 4e 30 24 64 73 47 6F 6f 73 65 53 54 B3 /LLNB$ds GooseST.

Nous 9+ Thme: 5.281157 » Soureer Dell 2bs7:ab - Destination: fec-Tes7_ O1:00:00 * Frotoeols GOOSE » tengehs 177+ info:

According to the above argument, when X is changed at B02 BCU from “off” to “on”, i.e.
changing B02 MCONTROL1/XSWI1.ST. n” as depicted in Fig. 6 (a) and Fig. 6 (b)
respectively, the steady-state p
sent followed by retransmis

message no. 7 to message no.

y is altered and the new message no. 6 is

steady state 1s again, as_see
graph of the Wiresha ~@

| N\

IED Simulator - BOZ_M:10.22,91.34:Ethernet (Intel(R) 82567LM-3 Gigabit Network Connection) T

Search: | B02_MSYSTEM/C26xLDIA1 FailStq Search:| B02_MCONTROL1/XSWI1.Pos.q
Y Name Y Value e Y Name Y Value Y
b CSWi4 b CSWIA
b cswis > CSWIS
b CSWIE b CEWIE
b cswir > CswI7
P CSWIB b CSWIS
FicswR > cswio
b
L b cswio
b cswill
b CSWI1
4 xswn
4 xswi
b DataSets
b DataSet:
b Report Control Blocks UnBuffered etasets
e b Report Control Blocks UnBuffered
b Beh b Mod
b Health b Beh
b NamPit b Health
B e b MamPit
b OpCnt P loc
4 pos > _OpCnt
stial off 4 Pos
q Validity=Good stVal on
stseld False t 08/15/2018_07:56:38,050,[00000000]
cdcNs IEC 61850-7-3:2003 Seld False
cdeName - cdeNs IEC 61850-7-3:2003
« »
cdeName

Fig. 6 (a) Fig. 6 (b)
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Fig. 6 (a) B02 bay XSWII1 Disconnect switch status before the change (Open),
Fig. 6 (b) Status of XSWI1 switch in B02 IED changed to closed

A Wireshark - 10 Graphs - wireshark_C9FC192C-03B9-4721-8118-13BDD7584E71_20180815111617_a09792 - a
hark 10 Graphs: wireshark_C9FC192C-03B9-4721-8118-13BDD7584E71_20180815111617_a09792
Steady state High-speed transmission

141
i J
[ ) )

Packets/10 ms

18 2.4 3 36 42 438 5.4
Time (5)

No packes in interval (3.715).

Name Display filter Colo Style ¥ Axis ¥ Field Smoothing
All packets B une Packets None
[ TCP errors tep.analysis.flags B e Packets Nene
[ All packets | i Packets None
+ - @ Mouse (@) drags () zooms Interval | 10ms ¥ [] Time of day [] Log scale Reset

Save As Copy Help
Y a4
Fig. 7 GOOSE Transmission before and aft dam:hange

Verification of GOOSE timers versus SCD file sﬂ
From the SCD file, the GOOSE minimum and‘ N}Mmission times are defined in the below

extract in red; min. time > 10 ms and max. ti
l&"CONTROLl'»

</P>
NWRITY">4</P>

m" unit="s">10</MinTime>
m" unit="s">2000</MaxTime>

From above, i i t the simulated minimum and maximum Retransmission times (15ms and
Is ectivel in the defined ranges in the SCD file. It is worth noting here that the measured
1 ission time is bound to the Windows Operating System minimum clock

15 ms and therefore the test tool running on Windows couldn’t execute
an this interval although the timers implemented in the tool allows 10 ms as a
mini nsmission time, this time resolution can only be met in Real Time Operating Systems of

Subscription to GOOSE at B01 BCU

BO1 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 BO1 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.
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Displays ]
GOOSEID Y Destinatio ¥ Vi !’ﬂs: Y Time Allowed To Live GOOSECor ¥ APPID 1 4 B02_MsYSTEM
< BOZ_M 4 C26xLDIAY
- B02_M.ST 4 Redst
01-0c- B02 MCONTROLI| stal False
o | e ] e [ q
MR 4 Failst
stval N error
q (0000000000000}
Subscribed GOOSE message 2o
stval False
4 XSWI1
4 Pos
stVal off
Subscribed GOOSE content PR frosoenononn
4 Xswi2
4 Pos
Count: 1 stVal .
‘ » o4 »

2 Custom Display =] Group Mode Display (=] Reports [E] Server Data Simulation [ Data Monitor (4] SCL Viewer
Fig. 8 GOOSE Subscription at BO1 BCU before XSWHMS change

h—a“‘

. N\,
Displays ]
Grouped by Connection Name  + | GOOSEID F ([ Mame Y B02_M.ST (5) -
GOOSEID ¥ Destination ¥ Vi T ms. T TimeAllowed Tolive GOOSECo Y APPID Al 502 msvsTEM
- BOZM 4 C264LDIAT
~ BO2M.ST 4 Redst
a0i-0000 | YA LLNOSGO 3000 a [0000000000000]
i 4 Failst
B02_MCONTROL1
B02_M_ST i m ou s | Valld |4 ;LNOSGO 3000 stval No error
Zol o q [0000000000000]
4 B02_MCONTROL1
4 GBAY1
. 4 OrdRun
New Subscribed GOOSE after change e Fase
g 0000000000000)
4 Xswil
4 Pos
Original Subscribed GOOSE s il |
q [0000000000000]
4 B02_MCONTROL3
. 4 XSWi2
New Subscribed GOOSE content P
a2 stval intermediate D
4 | | »
2 Custom Display 3 Group Mode Display & Reports (<] GOOSE Event Viewer [E] Server Data Simulation [E Bata Monitor 2 SCL Viewer

Fig. 9 GOOSE Subscrip @ BCU after XSWII status change

Second Scheme: Digi ynchro-Check Function

will b
synchr§

emes. 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 BO1_F79F25 1 in the pertinent SCD file sections with dataset including this Data Object as
shown below:

New GOOSE Communication settings:

<GSE cbName="gcb20" 1ldInst="Control">
<Address>
<P type="MAC-Address">01-0C-CD-01-00-00</P>
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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:
<LNO desc="LLNO control for non-distance relays"
inst="" 1nClass="LLNO"
1InType="B01l F79F25 1 LLNO CONTROL NO DIST">
<DataSet name="Datasetl0">

<FCDA doName="Rel" fc="ST" 1ldInst="Control" 1lnClass="RSYN" lnInst="1"
prefix="Asc"/>

</DataSet>
New GoCB: [ N
) ¢
<GSEControl name="gcb20" desc="Control LogR DM GNSE Control

datSet="Datasetl1l0"/> 4

Block 1" confRev="0" appID="B0l F79F25 1Control/LLN0$GOSgcb20 ype:"GQSS%'
P
</LNO>

D and MC simulating the
messages while B0l M
zing condition is met or

The modified SCD file is loaded to the PC simulating BO1
controlling BO1_M BCU. BO1_F79F25_1 IED now publis
BCU shall subscribe to these messages continuously to kno
not and hence can execute 4011 CB close operation or prevent it.

Fig. 10 shows the subscription process of BO1 M BCU to the publiSIWOOSE when the synchronizing
condition is initially not fulfilled “False”. Once it i to “True” at BO1_F79F25_1 IED, the new

GOOSE is received immediately and the subsequent subscription process acquires the new value as seen
in Fig. 11.

V'S

Displays

Grouped by: Connection Name  »  GOOSE ID

GOOSEID Y Destinatio Y W Ym& Y TimeAllowed To Live  GOOSECo Y APPID

~ BO1_F70F25 1 4 AscRSYN1

+ BO1_F79F25 1Control/LLN0$GOSgcb20 4 Rel
Cleared

stal False
BO1_F79F25_1Cor| 01-0c- by 5 01 r;mrzs i 4 10000000000000]
GO!
t 10/31/2018_14:29:06.840,[00000000]

LINO$GOSgebi|  cd-01-00-00 | State
Change

Count: 1
4 »
(3 Custom Display =] Group Mode Display [ Reports [E] Server Data Simulation Data Monitor [ scL viewer
Fig. 10 BO1_M BCU subscription to false synchronizing condition
Displays
Groupsd by: Connection Name  »  GOOSE D i Name Y |1_FT9F25_1Control/LLNOSGO$gch20 (8)
GOOSEID Y Destinatio ¥ Vi T m S T TimeAllowedTolive GOOSECo T APPID BO1_F79F25, 1Control

- BO1_F79F25_1 4 AscRSYN1
 BO1_F79F25_1Control/LLNOSGOSgch20 4 el
e . glictcosaez a 0000000000000
Cleared

fo1 F79F25 1Cor  01-0c- by - " 0 BO1_FF9F25_1Cor t 10/31/2018_14:29:52.248,100000000]
LINOSGOSgebi  cd-01-00-00 | State LLNSGOSgeb20

Change \

Initial subscription

Next subscription

Count: 2

4 Kl

[ Custom Display E= Group Mode Display [ Reports F4 GOOSE Event Viewer [ Server Data Simulation [ Data Monitor (2] SCL Viewer
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Fig. 11 BO1_M BCU subscription to true synchronizing condition
Fig. 12 shows how digitized distributed substation function looks like in the two introduced schemes.

GOOSE Synch “RSYN.Rel.stVal ”
>
GOOSE status “XSWI1.ST.Pos. stVaI BCU
For Interlocking
Close Command >

> Close Breaker

> Close disconnect switch

Fig. 12 Digital interlocking and synchro-check functions conceptual diagram

Timing analysis P

L S
In this section, the performance of the digital substation functions will be evM in terms of time

response. The total transfer time (t) is defined according to IEC 61850-5 efer to Fig. 13):
t=t,+t,+t _____ Ay |

a b c h 4
Where:

2 = Processing time inside publishing IED A
t, = Transmission time between two IEDs
t. = Processing time inside subscribing IED \ \
A )N

The transmission time t, can be further divided into G E frame W1ss10n time (or GOOSE frame
length) tr and network delay time tq: P

=

¢ by the network card bitrate, since the PCs
. From the Wireshark snapshot of Fig. 1,
the right as 178 Bytes, i.e. 178 x 8 = 1424

th=trt+ tq &
To determine t¢, one can divide the no. of %
use Giga Ethernet cards, the bitrate ¢ con ed 1
the GOOSE frame length ca@ irst 0%1 fr
bits.

Therefore, tr=1424/10°=1.42 n "

The network delay time
...etc. In our case,
hub, thus t4 is min

@¢ ends on the network structure, the number of nodes, switches configuration
work structure is very simple, two PCs are connected through a single Ethernet
is approximately equal to the delay time of the hub. It is in the range of
Thus, t, can take a value around 2ps. The greater contribution of the total
m t, and t, they are in the millisecond range.

e elapsed time from the data change till the GOOSE is published while the
me elapsed from receiving the GOOSE till the dataset members are extracted
age and the IED SCL model are updated. These times couldn’t be measured
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.

Transfertimet=t +t +t_

& >
< >

> >
f Communi- | | Communi- f2
s cation —_—

processor Pprocessor

0 ®

Physical device PD1 Physical device PD2
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Fig. 13 GOOSE Transfer time as per [EC 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 t
and hence calculate the roundtrip time troundawip [6]. The transfer time is then calculated as:

t = troundtrip — tapplication

tapplication 18 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].

| subscribed GOOSE Y
; g L Y
3 ™1 Application \ - \
Croundtrip Logic to )|
tnppllcmmn = \ }
; | _lY copy value A 4
[ﬂ
ty published GOOSE Communication \ ,

PIOCESSOr | physical device PDI1 )

=
Fig. 14 Ping-Pong method for the round trip time m&asm&ent of GOOSE

One can compare the experimentally measured tot ion time delay (1.34 ms) to the time taken
to respond to status change in conventional hards schi Nhich 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, o

change, in this case the contro
after the first one by10 ms plus th
is still good compared t
obviously that the IE e continuously updated by the current status of the relevant device at a high
frequency pattern. Thi cannot be guaranteed by conventional interlocking implementation since
that if the wires g

amless Redundancy “HSR” and Parallel Redundancy Protocol “PRP” which provide zero
recove 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 implementatmable to replace
the conventional hardwire realization of operation and protection functions bwt munication
schemes without losing operation security or reliability. This enhanc t in subftativn functions
implementation leads to the emergence of fully digital substations way to inter-substation
communications as well as wide area protection and control which is a ranch of smart grid
realization. To replace direct wires with a peer-to-peer , The Intelligent
Electronic Devices “IEDs” must exchange status information high speed so as to avoid any
probability of losing a device status change indication before pe OMntrol action or to send a
protection signal to clear a fault instantaneously.

This paper is a quantitative approach to evaluate tl&fbr:an igital implementation of basic
Crio

substation functions such as protection and inter- 1. The results of this evaluation study are
then compared with conventional hardwired sc 1ance parameters to verify the significant
advantages of digital schemes.

1850 Test Suite Pro” software from Triangle
inent to the interlocking and protection functions.
gh an isolated local network In the interlocking

IS switch. A new synchro-check protection scheme is added to the
Language (SCL) file and accordingly, one of the substation synchro-

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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Digital substation, Substation Automation, IEC 61850, GOOSE, publishing, subscription, protection
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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 status delivery
within real time protection and control facilities. Performing real-ti elivery GOOSE

communications offers time-critical features by using Ethernet (IEEE 802. ulticasgillg yaradigm.
quire

IEC 61850 Performance specification for critical-time communi ss than 3 ms end-to-
end Application-to-Application latency. This constraint has been studied in yrent aspects. To
evaluate the network delay and hence the SAS performance, modeling and simulation approaches were
pursued to simulate communications of both Ethemet—ba&_’ d Sampled Values (SV) [2].
Other researchers addressed co-simulation methodology, i.e. Loop (HIL) for studying
SAS communication behavior. In this approach, real IEDs are conne to a simulated network that
models actual networks complexities. Meanwhile, o researchers adopted real-time experimental
measurements to compute network delay [3]. G

t%ﬂ and protection network will be realized
t

PCs and communicate through a LAN to

k will be estimated according to real-time
is wi demonstrated in the last section of the

In this paper, a simple implementation of a real
where two IEDs of the substation will be sim
implement two substation functions. T
experimental measurements. The tim y an

paper.

Theoretical Background

In order to replace direWs with er—tm communication network, the Intelligent Electronic
Devices “IEDs” muste nge information in very high speed so as to avoid any probability of losing
ication or delaying a protection signal. To achieve this requirement, the
ecial mechanism or protocol for transmitting such critical information
d Substation Event “GOOSE”. IEC 61850 states that the signal of interest

eeding this signal has to read it in the proper time. This transmitting IED is
IED that should get the transmitted information is called “Subscriber” [4].

Without any changes, the GOOSE-message is repeated
with Tmax until the next event / change.

— tmax = —_——— tmax = E—

1024ms 1024ms

v

time:

In case of a information-change, the GOOSE-message will be repeated within
The repetition frequency is lowered until Tmax is reached.

— tmax = e — tmax = _— time
1024ms 1024ms

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”mtion 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 wi%mblM PCs to run as an

IED; a Bay Control Unit “BCU” or a protection relay. \ ~ }
) 4

-

First Scheme: Digital Interlocking Scheme Simulation ! \

This scheme is readily enabled on the substation BCUs. Thi
test its validity. According to the substation control confi
mode) will control an individual bay in the GIS (a bay in double
two breakers with their associated disconnect switches and earthing
“SLD” of the substation is shown in Fig. 2 (a). Fig.ﬁ ows the

ill be simulated in this section to
,0 (working in redundancy
sbar-double breaker scheme means
itches). The Single Line Diagram
and second bays details.

Bay 01 Bay 02 Bay 03 Bay 04 Bay 0S5 Bay 06 Bay 07
Samalut Unit (1) Assiut Unit (2) Zahraa ElI-Maadi (1) Unit (3) Zahraa El-Maadi (2)

o SO

=
e R [ = AN N} 1 b
—1. e —]1. = —— 1. I ——]1.
(
|

I |
—__L “ :£1 —1. ‘ :.1( —]1. -| :.1( —I.
| —1. l —]1. g —1-

A

Fig.2 (a) South Helwan 500 kV GIS SLD

T

( (

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 BO1 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 BO1 BCU subscribes
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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.

Bay 01-BCU

Bay 02-BCU
Samalut
FES Q333
-
DS Q242 DS Q241
ES c|1342 ES Q341
— -
- CB Q502 CB Q501
S ESQ882 ES Q351
T 'l T
FES Q332 DS.Q251
( DS Q252 ;N

BB1

'[ )
ES.Q35D, Paaza

ES Q351

L e

)

CB Q504 CB Q503
ES Q342 ES Q341
Y ~ ——/——l |
FES Q333 DS Q242 DS Q241
'|
Unit (1)

LN
Fig.2 (b) Bay 1 and Ba@ i devices}inder’il'lvestigation DS Q251 and FES Q331

Data Object Naming accordingw 0
The data object and dat@oute na in [EC 61850 follow the structure defined in Fig. 3 (a) & (b)

1
Relay1/XCBR1$%$ST$%Loc$Sstval

>

e e e
1 t
Attribut
Data

Functional Constrain
Physical Device
(Protection device)

Logical Node

—— Logical Device

(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 XSWIS5.

According to Fig. 3 (a) and (b) DS Q251 status data attribute is written as
“B02_MCONTROL1/XSWI1.ST.Pos.stVal”. Where, B02 MCONTROLL 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 BO1 BCU on one PC, this will be B02 BCU while the BO1 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 BO1 BCU will subscribe to them. To examine the published GOOSE
stream, the “Wireshark” network data analyzer is run on the subscribing PC simulating BO1 BCU.
Fig. 4 below shows a snapshot of the Wireshark capture depicting the GO%E “ages recorded

L .
sequentially in time. s S B
N & ]
A #Ethernet - a
File Edit View Go Capture Analyze Statistics Telephony Wireless Tools Help
dm 2 ® iBRBR=sETas/=aaan
[ ]goose B -]Expresson..  +
Packet: Go to packet Cancel

No. Time Source Destination Protocol Length Info

10.000000 Dell 2b:47:ab Iec-Tc57 _01:00:00 GOOSE 179

2 1.000328 Dell 2b:47:ab Tec-Tc57_01:00:00 GOOSE 173

3 1.999954
4 2,999943

Tec-Tc57_81:00:00 GOOSE 179
179

<— Initial steady state transmission

GOOSE

Tec-Te57_B1:80: 0

b 00
6 4.048798 : 16000 GOOSE 177

7 4.062667 1 : Tec-Te57_61:00:00 GOOSE 177

84.e78039  Dell_zb:a7:ab Iec-Te57_@1:€0:02 600SE 177

9 4.693686 Dell 2b:47:ab Tec-Te57_B1:0:08 GOOSE 177

10 4.140526  Dell_2b:47:ab Tec-Te57_61:00:00 600SE 178

11 4.213578  Dell 2b:d7:ab Tec-Te57_61:€0:00 G00SE 178

12 4.369748  Dell 2b:47:ab Tec-Te57_61:60:00 GOOSE 178

13 4.697899  Dell_2b:47:ab Iec-Te57_91:00:00 GOOSE 178 “Packet n0'6” Start Of new GOOSE
14 5.338448  Dell 2b:47:ab Tec-Te57_B1:0:08 GOOSE 178

15 6.338498  Dell_2b:47:3b Tec-Te57_61:60:00 GO0SE 178 transmission after data Change

16 7.338888  Dell 2b:d7:ab Tec-Te57_B1:60:08 600SE 178

17 8338426 Dell 2b:47:ab Tec-Te57_61:60:00 GOOSE 178

18 9.338423  Dell_2b:47:3b Iec-Te57_@1:00:00 600SE 178

19 16.338761 Dell 2b:47:ab Tec-Te57_B1:0:08 GOOSE 178

20 11.338416 Dell_2b:47:ab Tec-Te57_61:00:00 600SE 178

> Frame 7: 177 bytes on wire (1416 bits), 177 bytes captured (1416 bits) on interface @
> Ethernet II, Src: Dell_2b:47:ab (b8:ac:6f:2b:47:ab), Dst: Iec-Tc57_01:00:@0 (81:0c:cd:01:00:00)
> 882.1Q Virtual LAN, PRI: 4, CFI: @, ID: @

> GOOSE

@1 oc cd @1 ee @@ bs ac 6 2b 47 ab 81 @@ B2 @@ ........ otG..... A
58 b3 30 00 60 O 00 60 08 00 61 51 94 80 1f 42  ..8..... ..3....B
3@ 32 5T 4d 43 4f 4e 54 52 4F 4c 31 2f 4c 4c 4= @2_MCONT ROL1/LLN
30 24 47 4f 24 63 62 47 6f 6f 73 65 53 54 81 @1  @$GO$cHG coseST..

14 82 1c 42 30 32 5T 4d 43 4F 4e 54 52 4f 4c 31  ...B02_M CONTROLL

2f 4c 4c 4e 30 24 64 73 47 6f 6f 73 65 53 54 83 /LLN@Sds GooseST.

68 42 30 32 5f 4d 5 53 54 84 68 5b 73 6 93 le  .BE2 M S T..[s... v
© 7 wireshark_CSFC192C-0369-4721-6116-136DD7584671_20180815111517_a09752 Packsts: 20 - Displayed: 20 (100.0%) - Marked: 1(5.0%) - Dropped: 0 (0.0%) || Profile: Default

. Fig. blished GOOSE stream as recorded at the subscribing device
To % f each GOOSE message, one of them is selected to display the contents depicted in

Fig. cen that each message contains a “dataset” which is a group of selected data
attributes conveyi ired information of the GOOSE message. The dataset in the GOOSE under
in ata-attribute values (one of them is our XSWI1 status value) as shown in Fig. 5,
all o transmitted together in a periodic fashion. To realize the GOOSE behavior, the GOOSE
stream e 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
XSWII 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
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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.

a Wireshark - Packet 9 - GOOSE stream 15-08 - a

> Frame 9: 177 bytes on wire (1416 bits), 177 bytes captured (1416 bits) on interface @
b Ethernet IT, Src: Dell_2b:47:ab (b8:ac:6f:2b:d7:ab), Dst: Tec-Tc57_01:60:00 (@1:0c:cd:01:60:00)
b 882.1Q Virtual LAN, PRI: 4, CFI: @, ID: @

4 GOOSE
APPID: @x30088 (12288)
Length: 159

Reserved 1: Bx8000 (@)
Reserved 2: Bx8000 ()
goosePdu
gocbRef: BO2_MCONTROL1/LLNO3GOScbGooseST

timeAllowedtolive: 48
datSet: Ba2_MCONTROLL/LLN@3dsGooseST / Dataset name

goID: Bo2_M ST

S

t: Aug 15, 2018 ©8:22:52.784999966 UTC
sthum: &

squn: 2 € Sequence number

test: False
confRev: 1
ndsCom: False
numDatSetEntries: 1@
4 allData: 18 items
> Data: boolean (3)
> Data: bit-string (4)
© Data: integer (5)
> Data: bit-string (4)
¢ Dote: boolean (3) GOOSE Control Block dataset
> Data: bit-string (4) ;
> Data: bit-string (4) .
o e content: 10 data attributes
> Data: bit-string (4)
> Data: bit-string (4)

A

@1 6c cd @1 00 00 b3 ac 6f 2b 47 ab 5L @8 50 @0  ........ o+G
88 bs 30 80 @0 9f 00 82 00 00 61 81 94 88 1f 42  ..@..... .. a....B
30 32 5f 4d 43 4f 4e 54 52 4f 4c 31 2f 4c 4c de  B2_MCONT ROLL/LLN
38 24 47 4f 24 63 62 47 6f 6F 73 65 53 54 81 @1  B$GOScHG 0oseST..
28 82 1c 42 30 32 5 4d 43 4f 4e 54 52 4f 4c 31 (..B@2_M CONTROLL
2f 4c 4c 4e 30 24 64 73 47 6F 6f 73 65 53 54 B3 /LLNB$ds GooseST.

Nous 9+ Thme: 5.281157 » Soureer Dell 2bs7:ab - Destination: fec-Tes7_ O1:00:00 * Frotoeols GOOSE » tengehs 177+ info:

Fig. 5 GOOS

According to the above argument, when XSWI1 statu
changing B02 MCONTROL1/XSWI1.ST.Po s depicted in Fig. 6 (a) and Fig. 6 (b)
respectively, the steady-state pattern with one-secon ncy 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 ti estﬁ' ds, and message no. 8 to message no. 7 timestamps
in Fig. 4, which yields 15 proximately. This retransmission rate decreases gradually to reach the
steady state 1s again, as seen fpacket no. 15 till the end of the capture. The 10
graph of the Wireshark shows this behavi ted in Fig. 7.

o N

IED Simulator - B02_M:10.22.91.34 Ethernet (Intel(R) 82567LM-3 Gigabit Network Connection) 3 IED Simulator - B02_M:172.16.1.1:Ethernet (intel(R) 82567LM-3 Gigabit Network Connection) 74

ed at B02 BCU from “off” to “on”, i.e.

Search: BO2_MSYSTEM/C26xLDIA1.FailSt.g Search: B02_ MCONTROL1/XSWI1.Pas.q
T Name T Value i ¥ T Name T Value Y
b Cswi > Cowi4
b CsWIS > CsWIS
b CSwWie b CSWIG
bcswiz > cswi
P CSWIA b Cowia
FricSWD > Cswig
13
Sl b Cswiig
b CswiTl
> Cswill
4 XSt
4 Xswil
b DataSets > Dotas
b Report Control Blocks UnBufiered stasets
i b Report Control Blocks UnBuffered
b Beh P Med
> Health b Beh
b NamPit b Health
5 fhz b MamPlt
b OpCnt b loc
4 Pos b _OpCnt
stial off 4 Pos
a Validity=Good stVal on
stoeld False t 08/15/2018_07:56:38.050,[00000000]
cdeNs IEC 61850-7-3:2003 stSeld Falee
cdeName - cdeNs IEC 61850-7-3:2003
‘ »
rdrName

Fig. 6 (a) Fig. 6 (b)

Fig. 6 (a) B02 bay XSWII Disconnect switch status before the change (Open),
Fig. 6 (b) Status of XSWI1 switch in B02 IED changed to closed
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A Wireshark - 10 Graphs - wireshark_C9FC192C-03B9-4721-8118-13BDD7584E71_20180815111617_a09792 - a
hark I0 Graphs: wireshark_C9FC192C-03B9-4721-8118-13BDD7584E71_20180815111617_a09792
Steady state High-speed transmission
14 X A
[ V[ )
LO5 [
2 0.7
B ooasf
o
0.35
LIE Z.“l .'; 3.‘6 4:2 4.‘3 5:4
Time (s)
No packets in intervsl (3.715).
Name Display filter Colo Style ¥ Auis ¥ Field Smosthing
All packets B tine Packets None
[] TCP errors tep.analysis.flags | Packets None
[ Al packets W tine Packets Nene
+| - @ Mouse (@) drags () zooms Interval |[10ms ¥ ] Time of day ] Log scale Reset

saren] [ o

&
Fig. 7 GOOSE Transmission before ( We

Verification of GOOSE timers versus SCD file settings

From the SCD file, the GOOSE minimum and maxim retransnnthmes are defined in the below
extract in red; min. time > 10 ms and max. time < ‘
p 3 '
<GSE cbName="cbGooseST" Inst="CONTROL1">

<Address>
<P, type C-A s"> 0C-CD-01-00-00</P>

ID">3 </P>
type -ID">0</P>
< =" Y">4</P>
</Addre '
<MinTime r="m" unit="s">10</MinTime>
Time m M" unit="s">2000</MaxTime>

simulated minimum and maximum Retransmission times (15ms and
fined ranges in the SCD file. It is worth noting here that the measured
ssion time is bound to the Windows Operating System minimum clock
15 ms and therefore the test tool running on Windows couldn’t execute
n this interval although the timers implemented in the tool allows 10 ms as a
e, this time resolution can only be met in Real Time Operating Systems of

Subscription to GOOSE at B01 BCU

BO1 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 BO1 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.
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Displays 1
ey Connection Name |+ GOOSE D | |[name T BO2M_ST (@) =
GOOSEID Y Destinatio ¥ Vi Ims. Y Time Allowed To Live | GOOSECo ¥ APPID 1 4 0z MsvsTEM
< BO2M 4 ComDIAT
« 802 MST 4 Redst
= 802 MCONTROLT stal False
c,
BZMST | cqotooo0 | Vad 2 :ﬁg;ﬁisr Ll q [0000000000000]
4 FailSt
stval Na error
q 10000000000000]
1 4 GeaY1
Subscribed GOOSE message s
stval False
PRSI
4 pos
stVal off
. a 10000000000000]
Subscribed GOOSE content T
4 XsWi2
4 pos
Count: 1 stal intermediate
‘ »lla e 2 5

2 Custom Display E=] Group Mode Display [=] Reports P GOOSE Event Viewer (2] Server Data Simulation [ Data Monitor (2] SCL Viewer

Fig. 8 GOOSE Subscription at BO1 BCU before XSWHMS change \‘
AN A |
Grouped by: Connection Name  +  GOOSE ID F ([ Mame Y B02 M ST (5) o
GOOSEID Y Destinatio Y Vi Y ms. Y TimeAllowed Tolive GOOSECo Y APPID 1 [JEIFTENYETSEY)
- BO2M 4 C26dDIAT
~ B02_M_ST 4 Redst
e B02_MCONTROL stval Faise
cdoioogo | YA m‘“’g 3000 q [0000000000000]
oose
802_ MCONTROL1 A Fait
B02_M_ST valid | 4 LLNOSGO 3000 stval No error
o m UU i SchGooseST - 100000000000501
4 B02_MCONTROL1
PR
. 4 OrdRun
New Subscribed GOOSE after change e Fase
g 0000000000000
4 Xswil
4 pos
Original Subscribed GOOSE sl o0 I
a [0000000000000]
4 BD2_MCONTROL3
. 4 XSWi2
New Subscribed GOOSE content P
Count:2 stval intermediste i
4 b || 4 ———— D
2 Custom Display 3 Group Mode Display & Reports (<] GOOSE Event Viewer [E] Server Data Simulation [E Bata Monitor 2 SCL Viewer

Fig. 9 GOOSE Subscrip @ BCU after XSWII status change

will b§ . The idea is to allow a synchro-check relay to communicate digitally the
synchr
- are synchronized. The voltage phasors comparison is assumed to be done

5
emes. 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 BO1_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>
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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:
<LNO desc="LLNO control for non-distance relays"
inst="" 1nClass="LLNO"
1InType="B01l F79F25 1 LLNO CONTROL NO DIST">
<DataSet name="Datasetl0">
<FCDA doName="Rel" fc="ST" ldInst="Control" InClass="RSYN" 1lnInst="1"
prefix="Asc"/>
</DataSet>
New GoCB:

<GSEControl name="gcb20" desc="Control Logical Device GOOSE Control
Block 1" confRev="0" applID="B0l F79F25 1Control/LLN0$GO$gcb20" t¥ﬁqiiEQOSE"
datSet="Datasetl0"/>

</LNO>

L N
, @ 1%
The modified SCD file is loaded to the PC simulating BO1_F79F25 1 Ihancmc‘&nulating the
controlling BO1_M BCU. BO1_F79F25_1 IED now publishes the new GOO essages while BOl M
BCU shall subscribe to these messages continuously to know if Wni condition is met or
not and hence can execute 4011 CB close operation or prevent it.

Fig. 10 shows the subscription process of BO1_M BCU to the publishe
condition is initially not fulfilled “False”. Once it is changego “True”
ption proces

GOOSE is received immediately and the subsequent subscri

OOSE when the synchronizing
- F79F25 1 1ED, the new
chuires the new value as seen

Displays
Groupsd by Eonpecnopl el = IRCOCSED T | BO1_F79F25_1Control/LLNOSGOSgcb20 (7)
GOOSE ID Y Destinatio ¥ V. T m S¢ Y Time Allowed To Live GOOSECo: Y APPID
« BOT_F79F25_1 4 AscRSYN1
+ BO1_F79F25_1Control/LLNOSGOSgcb20 4 Rel
Cleared stial Folse
B01_F70F25_1Cor| 01-0c- % - BO1_FT9F2: e (0000000000000]
LLNO$GO$gcb:|  cd-01-00-00 State LLNO$GO$gcbs
Change t 10/31/2018_14:29:06.840,[00000000]
Count: 1
< »
. [3i Custom Display E=J Group Mode Display [E] Reports E2 GOOSE Event Viewer [E] Server Data Simulation Data Monitor [ 5CL Viewer

01 _M BCU subscription to false synchronizing condition

Displays

Groupsd by: Connection Name  »  GOOSE ID Name Y |1_FT9F25_1Control/LLNOSGO$gch20 (8)

GOOSEID Y Destinatio T V. T ms. T TimeAllowed Tolive GOOSECo Y APPID BOY_F73F25_1Control
~ BO1_F79F25_1 4 AscRSYN1

« BO1_F79F25_1 Control/LLNOSGO$gcb20 4 Rel

achi| _cd-01-00-00 - d LLN0SGO3gch20 a 0000000000000
leare
o1 FTOF25 1Cor 010 by - . BO1_FF9F25_1Cor t 10/31/2018_14:29:52.248,100000000]

LLNOSGOSgeh:  cd-01-0000  State LLNO$GOSgcb20

Change \

Initial subscription

Next subscription

Count: 2

4 Kl

[ Custom Display E= Group Mode Display [ Reports [ Server Data Simulation [E Data Monitor =] SCL Viewer
Fig. 11 BO1_M BCU subscription to true synchronizing condition

Fig. 12 shows how digitized distributed substation function looks like in the two introduced schemes.
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GOOSE Synch “RSYN.Rel.stVal ”

»|
> Close Breaker
GOOSE status “XSWI1.ST.Pos. stVal BCU
For Interlocking

Close Command > » Close disconnect switch

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=t, +to+tc T, N

Where: \ “‘
ta = Processing time inside publishing IED A W \
t, = Transmission time between two IEDs [ N ~ }

t. = Processing time inside subscribing IED ‘.._“ A 4
The transmission time t, can be further divided into GOOSEA Wﬂ t1 (or GOOSE frame

length) tr and network delay time tq:

ty=trt+ tgq

To determine tr, one can divide the no. of bits in the %by the%ork card bitrate, since the PCs
use Giga Ethernet cards, the bitrate can be consid . From the Wireshark snapshot of Fig. 1,

the GOOSE frame length can be seen at the first mn from the right as 178 Bytes, i.e. 178 x § = 1424
bits.

Therefore, tr=1424/10° = 1.42 ps A

The network delay time tq d ds on the net struSure, the number of nodes, switches configuration
...etc. In our case, the network i np 0 PCs are connected through a single Ethernet
hub, thus t4 is minimal and it is a al to the delay time of the hub. It is in the range of
hundreds of nanosecon alue around 2us. The greater contribution of the total
transmission time come t. and tc, they are in the millisecond range.

nd the IED SCL model are updated. These times couldn’t be measured
hey can be found by comparing the timestamp of the value change in the SCL
tted or received GOOSE frame however, the former timestamp recording is
plementations under Windows Operating System.

Transfertimet=t +t +t_

4 t t
1 Communi- )| ] Communi- ,?
Pl cafion - cation p——e
processor processor
g ®
Physical device PD1 Physical device PD2

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 t,
and hence calculate the roundtrip time troundawip [6]. The transfer time is then calculated as:

t = troundtrip — Tapplication

tapplication 18 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].

s subscribed GOOSE
Y L
3 ™1 Application
Loundtrip to Logic to
, application copv:‘alue
3 1 p
t, T
< L o
& published GOOSE Communication A N b N
processor Physical device PD1 b v \
AN A
S, J
= V
Fig. 14 Ping-Pong method for the round tr1p time m asur
One can compare the experimentally measured total transm ay (1.34 ms) to the time taken
to respond to status change in conventional hardwired scheme h h 1s 8 to 20 ms due to typical
electromechanical relays response. The above analysis describe th e performance of digitally

implemented substation functions.

To evaluate the reliability, one should consider ility of losmg a GOOSE frame before

subscription. The worst expected case is failin first transmission after status or data
change, in this case the controlling IED will'g OOSE frame which will be approximately
after the first one by10 ms plus the total t issi (1.5 ms), i.e. 11.5 ms approximately which

is st111 good compared to the co en‘u ion schemes. Thus, it could be recognized
the current status of the relevant device at a high
onventional interlocking implementation since
se any update of status.

frequency pattern. This fact c
that if the wires get broken, the I

iability sseMe, the physical device availability in the network has
increase the reliability of digital interlocking and protection schemes, a
is highly recommended. This is to allow for a backup connection in case
re. IEC 61850 Edition 2 defines two redundancy protocols; High
ndancy “HSR” and Parallel Redundancy Protocol “PRP” which provide zero

will

In addition to the networ]
to be considered. In o
redundant network

simulation study is carried out to evaluate modern substation digital function schemes
hem 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.

99



/4 .
’Clgl'e Cigre Egypt 2019

References

(1]

Testing of Goose Protocol of IEC61850 Standard in Protection IED. Chilton Fernandes, Samarth
Borkar and Jignesh Gohil. International Journal of Computer Applications (0975 — 8887) Volume
93 —No 16, May 2014

Performance Evaluation of Time-critical Communication Networks for Smart Grids based on IEC
61850. H. George et al. IEEE INFOCOM Workshop on Communications and Control for Smart
Energy Systems, 2013, pp. 43-48

Evaluation of Time-Critical Communications for IEC 61850-Substation Network Architecture.
Ahmed Altaher (GIPSA-lab), Stéphane Mocanu (GIPSA-lab), Jean-Marc Thiriet (GIPSA-lab).
Surveillance 8 International Conference, Oct 2015, Roanne, France. Proceeding of Surveillance 8
2015.

IEC 61850-7-2 Edition 2, 2010-08, Basic information and communicammre — Abstract

communication service interface (ACSI). R D N

- A W/ \ .
IEC 61850-90-5 Edition 1, 2012-05, Use of IEC 61850 to transmit synchrophasor information
according to IEEE C37.118. ...... N/

IEC 61850-10 Edition 2, 2012-12, Communlcatlon networks a syste or power utility
automation—Part 10: Conformance testing.

Conformance Test for IEDs Based on IEC 61850 Co unicatio ol, Journal of Power and
Energy Engineering, 2015, 3, 289-296. Published Online r11 in SciRes. Tzu-Han Yeh,
Shih-Che Hsu, Che-Kai Chung and Ming-Shan Lin.

http://www.scirp.org/journal/jpee

IEC 62439-3, Edition 3, 2016-03, Ind nication networks - High availability
automation networks - Part 3: Para und cy Protocol (PRP) and High-availability
Seamless Redundancy (HSR).

Biography Q \ A )

Wael Yousef is an Electrical Engineering Group Supervisor in PGESCo. He received
the PhD degree in synchronous generator protection and stability from Ain Shams
University. M.Sc. degree in transformer protection from Cairo University in 2010.
Currently, he is a senior member in IEEE, IEEE Power Engineering Society (IEEE-
PES), IEEE Standards Association (IEEE-SA), IEEE Engineering Management Society
and CIGRE Society. He is a reviewer in IEEE-PES.

100



Gogre

Cigre Egypt 2019

117

Electric Power Systems Reliability Study on Real Models

Isa S Qamber Mohamed Y. AL-Hamad
Department of Electrical & Electronics  Power Trade Senior Executive Market
Engineering, University of Bahrain, Operations, GCC Interconnection
P. O. Box 33831, Isa Town, Authority, Dammam
Kingdom of Bahrain K.S.A

Email: igamber@uob.edu.bh Email: mhamad@g{c'@m.sa

L N\

A R

SUMMARY 4

In recent years several major modern optimization techniques hav applied to the electric
power systems. A large number of articles an rts ha n published. The electric
power systems operating reliability criteria ‘and thods are needed by many utility

indices, some of these the repair and failure rates of the system. Both coefficients are
needed to form t ns te matrix of the system. The transient state probabilities are

method. Some of these methods are used in the present research.

and tested. The comparison between the systems availability and unavailability for the tested

state systems models using both methods are investigated.

KEYWORDS

Fourth-Order Runge-Kutta method, Adams method, Transient Probabilities.
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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

e N
The Runge-Kutta method was introduced as the fourth-order method v@cmidely used in
many research application [1], where the German mathematicians gﬁg RM (1%6—1927) and

1
Wilhelm Kutta (1867-1944) developed the method. The computers use Wa(ﬁyto fasten the
omputer is the computation

results to be found. This means that the reason behind using

VAR | 1 (2) (N)
Pla=D0 0t 07 s 0y S ) ,Am

1 2
£, p", p?,

11s the i iteration number (i = 1 to n)
j is the function number (j= 1 to N)
i and j are integers

t;=to+ 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 continuoWge Runge—Kutta

theory. In the construction of RK-type methods, a crucial technique assc&ate ith orthogonal
A Y

polynomial expansion is fully utilized. ,‘K hd )
N N w 1
A

The classical continuous Runge—Kutta methods are wi %fte the numerical

differential equations. The reason behind that ions of the impulsive delay

differential equations are not continuous. In m impulsive continuous Runge—Kutta
methods which are constructed for impulsive delay differential equations with the variable

delay based on the theory of contin R Kutta methods, convergence of the constructed
numerical methods is studied and 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 K ors dea two new implicit-explicit, additive Runge—Kutta methods are
A

given with fourth-and fifth-order formal accuracies, respectively. Both methods are in [4]. Both

xplicit Runge—Kutta methods with explicit, singly-diagonally implicit

and include an embedded method for error control. Both methods have
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 nonlinea;&stems At the same
time, the Adams method is a predictor-corrector and multi-step metho&l“ }mnmple behind
using this method is the use of the past calculated values of the pbaMs h) to build a

polynomial that approximates the derivative function and ex into Mext interval

[6]. The authors in reference [6] proposed a new numeri method. This method helps

in solving uncertain differential equations. The ap study illustrate some
practical results illustrating the efficiency of numerical . Two numerical practical

methods calculating the extreme value for the ord differential equations.

(P

i+l

h
=P +—(55f. —59 +3
), =B+, (551,-59,
and
h
P =P+—0Of., +19f —
(l+l)c i 24( f;+l f;

where .

tiz < S ) &< tiv1
elimination omn s gives the formula
1+1 _{ 1+1 251( +1)c}/270

TWO-STA Q)

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:

dpP;(t)

22 = PO + R Pa) (M
20 = AP - p PaA) )
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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 P;(t = 0) = 1 and P,(t = 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.

N
L N\
A g\\\':‘}
) 4
Fig. (1) Two-Stat odel
AN\
Runge-Kutta
1.2
1
0.8 K
0.6
0.4
0.2
N
0 5 10 15 20 25

— Up-State Probability

Down-State Probability

Fig. (2) Two-State Model Results Using Runge-Kutta Method
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v o \
.g 0.8 i
2 06
[
S 04
0.2 /—
0
0 5 10 15 20 25

Time (hour)

— Up-State Probability Down-State Probability

Fig. (3) Two-State Model Results I&ng thod

The curve fitting technique is applied ethods used to find out the transient

probabilities for the two-state model. llustrated in figure (2) using the Runge-

Kutta method, and figure (3)using \%‘ s method. TIMuitable equations for both methods are

summarized in Table (1). .

%

\
e ( -State Results Curve Fitting, y =a+be™*

Method | Probability a b c
99955+0.000005142 | 0.2000096+0.00002047 0.948314+0.000219
utta 0.2000045+0.000005142 | -0.2000096+0.00002047 0.948314+0.000219
Adams 1 996066+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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S3) Gl &
G2 Down

Fig. (4) Three-States Model as Two Identical Generators Case

Where each failure rate is defined as (A) and their repairing rates are (). The three states are

. Ve
defined as follow: { N
LAY
A W/ \
o N \)
. 1 «
S1: Both generators are working ‘\V
S2: One generator is working and the other is failed ) 4

S2: S1: Both generators are failed

The model can be represented by the following differential equations:

dPy(t)

1O = 22 P,(6) + 1 Py(0) 3)
dP.
20 =2 2P (1) - (1 + VPO +21 )
dP.
a0 = AP(t) - 21 Ps(1) 5)
The transient probab111t1es of th ee-sta del are:
— —(uie . _#
P(0) = m ~ r( \Q‘— T ©)
— —(u+l)t —2(u+l)t
Pa(8) = u+ ) 2 Wu)z @
A2 e—2u+t _ A _(ut A2
PO = G G T G ®
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 4

In recent years several major modern optimization techniques hav applied to the electric
power systems. A large number of articles an rts ha n published. The electric
power systems operating reliability criteria ‘and thods are needed by many utility

indices, some of these the repair and failure rates of the system. Both coefficients are
needed to form t ns te matrix of the system. The transient state probabilities are

method. Some of these methods are used in the present research.

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

e N
The Runge-Kutta method was introduced as the fourth-order method v@cmidely used in
many research application [1], where the German mathematicians gﬁg RM (1%6—1927) and

1
Wilhelm Kutta (1867-1944) developed the method. The computers use Wa(ﬁyto fasten the
omputer is the computation

results to be found. This means that the reason behind using

VAR | 1 (2) (N)
Pla=D0 0t 07 s 0y S ) ,Am

1 2
£, p", p?,

11s the i iteration number (i = 1 to n)
j is the function number (j= 1 to N)
i and j are integers

t;=to+ 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 continuoWge Runge—Kutta

theory. In the construction of RK-type methods, a crucial technique assc&ate ith orthogonal
A Y

polynomial expansion is fully utilized. ,‘K hd )
N N w 1
A

The classical continuous Runge—Kutta methods are wi %fte the numerical

differential equations. The reason behind that ions of the impulsive delay

differential equations are not continuous. In m impulsive continuous Runge—Kutta
methods which are constructed for impulsive delay differential equations with the variable

delay based on the theory of contin R Kutta methods, convergence of the constructed
numerical methods is studied and 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 K ors dea two new implicit-explicit, additive Runge—Kutta methods are
A

given with fourth-and fifth-order formal accuracies, respectively. Both methods are in [4]. Both

xplicit Runge—Kutta methods with explicit, singly-diagonally implicit

and include an embedded method for error control. Both methods have
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 nonlinea;&stems At the same
time, the Adams method is a predictor-corrector and multi-step metho&l“ }mnmple behind
using this method is the use of the past calculated values of the pbaMs h) to build a

polynomial that approximates the derivative function and ex into Mext interval

[6]. The authors in reference [6] proposed a new numeri method. This method helps

in solving uncertain differential equations. The ap study illustrate some
practical results illustrating the efficiency of numerical . Two numerical practical

methods calculating the extreme value for the ord differential equations.

(P

i+l

h
=P +—(55f. —59 +3
), =B+, (551,-59,
and
h
P =P+—0Of., +19f —
(l+l)c i 24( f;+l f;

where .

tiz < S ) &< tiv1
elimination omn s gives the formula
1+1 _{ 1+1 251( +1)c}/270

TWO-STA Q)

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:

dpP;(t)

22 = PO + R Pa) (M
20 = AP - p PaA) )
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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 P;(t = 0) = 1 and P,(t = 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.
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— Up-State Probability

Down-State Probability

Fig. (2) Two-State Model Results Using Runge-Kutta Method
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Fig. (3) Two-State Model Results I&ng thod

The curve fitting technique is applied ethods used to find out the transient

llustrated in figure (2) using the Runge-
. TIMuitable equations for both methods are

probabilities for the two-state model.
Kutta method, and figure (3)using \%‘ s met
summarized in Table (1). .

%

\
e ( -State Results Curve Fitting, y =a+be™*

Method | Probability a b c
99955+0.000005142 | 0.2000096+0.00002047 0.948314+0.000219
utta 0.2000045+0.000005142 | -0.2000096+0.00002047 0.948314+0.000219
Adams 1 996066+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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(S3) G1 &
G2 Down

Fig. (4) Three-States Model as Two Identical Generators Case

Where each failure rate is defined as (A) and their repairing rates are (u). The three states are
defined as follow:

Ve N
i @
S1: Both generators are working ,‘K W
4 I |
S2: One generator is working and the other is failed N \‘)
S2: S1: Both generators are failed \’/

The model can be represented by the following differential equatio

L0 = 22 Py () + uPy() 3)
TED = 24P (D) = (1 + DP(O) +2 upgcth\ @
) A

28 = APy (6) =21 Ps(0) V )

A 4

The transient probabilitie e thr del are:
_ X —2(u+lo 2Ap u+t u?
P = Game y (ajoze * G ©)

] 2
P2 _ e—(u+l)t -2 (Aiu)z e—2(u+l)t (7)
P,(t Az e—2u+t _ 2A? e~ (WDt 4 Az (8)
3 2 (A+w)? (A+)?
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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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1. Introduction

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 k@lmd 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 fe?g:t of response
and minimum disturbance [2, 7-9]. Reach settings for the zones with respect to some

of the typical problems and adaptive approach have been discussed in [10-13] which
are considering the improvement of the relay algorithm ) ation DR settings.

In this paper scheme is achieve the require S First stage, protection
coordination assistance in DIgSILENT power factory progra ored program reference to
[11, 14] is used to determine the DR settings i d path of the network and
accordingly change in network topology, all cons sted and mentioned in [15], in

literature review use an fully cycle Fourier algori to check dynamic settings of the relay
according to compensation level [10], there a ic ses on the problem of the over reach
in series compensated transmission lines use [16], other paper proposes a new digital distance
r se compensated double-circuit transmission

lines. The new method uses data from fthe p ted double-circuit lines to calculate the
fault distance as illustrated i
Second stage, the prop nhances DRs performance through interactive control

system which is performed inte
SCADA sends correct ings to
compensation. A S
communicates wit
with master statio

all power system network components, in brief
rotection device consequently with the level of series

system consists from programmable logic controllers (PLC)
ction devices and network topology status and sends/Receives data
a communication system [18]. The master station works as interactive
oSILENT power factory protection coordination results to enhance the

e 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.

2. 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.

TABLEI  LINE PARAMETERS FOR NETWORK UNDER CASE STUDY

Parameter | Value Unit
R 0.01273 Ohm/Km
L 0.9337x10° | Henry /Km
C 12.74x107° Farad/Km
2.1 Propsed scheme for protection technique £

The proposed scheme is selecting between two modes of operatio%this mode DR
parameters is set manually in case of communication between contr;&acks ) or remote setting
through SCADA, all network parameters are read such as line parameter-and C(Wnsation level,
then central station protection coordination assistant based D SHN program execute

ariety in compensation level

optimal DR settings then go back written in DR control rack. Fo
in network DR parameters are being updated according inte between SCADA system

control racks.

Field Operation
( through DR Push Read all lines data on the
Button system, network topology

)N

) |

Is compensation level
change?

l Yes
Read Compensation Level Value /
ﬂ Yes
SILEN
9 Run Digsilant power Factory
‘ coordination scheme
PowerFactory
w2
Print DR settings, indicated No Is the communication
communication failed, |[&=—= Between SCADA

adjust setting manually system racks available?

7
WinCC"
Write Back the setting to Distance

’ > Relay through communication network
[ i
|

Fig 1 Proposed protection scheme flow chart
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......................... Bl Path Bys2_Bus? |
......................... B Fath Bus2_Bus3 |

Fig 2 Electrical network model M N «
& A N A V4
2.2 Cases study and performance evalution \,
Polygon distance protection relay is configured o 1 two cases are studied to

illustrate these variations and its corresponding zone settings a
to path of the selected transmission line as shown in fig. 2. Firs

lied on path Bus2 Bus3 according
DR performance when zone

-

1 faulty with variety of compensation. Second ca R performance when zone 2 faulty with
variety of compensation. In section IIT same stu i ical part.
p

1) Case 1, in case of 40% compensation through the protected path:
e performing short circuit the line 2, tripping signal came out correctly
according to tripping time ich equal 0.04 sec measuring and pick up times,

e performing short cir i , tripping signal came out correctly according
to tripping time of zon e 0.39sec measuring and pick up times, as shown
in fig. 4.
d, if the setting not updated or the proposed scheme not applied, all of
bac otection trip at (2.02 sec) is operated without optimal operation
shows the DR performance when SC applied at 80 of the line when DR
ingly 0% compensation.

% compensation through the protected path:
short circuit at 80% of the line 2, tripping signal came out correctly
rding to tripping time of zonel which equal 0.04 sec measuring and pick up times,
as shown in fig. 6.

e 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.

e 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%
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Fig 8 R-X plot for case 1at 60 % compensation, SC at 80%, when 40% setting still active
3. 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
e Fig. 10, SCADA harmony without compensation. i Vel R
e DR congruence its settings accordingly with the compensation:level 4Q%\0 update DR
settings according to value, as shown in fig. 11 § 4
e Fig. 12, Confirms SCADA capability to enhance the ‘ fow through applied
technique in compensation level 60%. -
e Finally, in case of any fault occurs the system k
comes from the series compensation rack as shown in fig.

ntil any feedback updated

o\

|SIMATIC 300-Master
0 |
PROFIBUS(1) .l
PROFIBUS : f
|SIMATIC 300-Slave-S.Comp |SIMATIC 300-Slave-DR

T |

B @ B (B

2 4 4 3

Fig 9 SCADA hardware configuration in Step7- NetPro
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Fig 10 Practical SCADA visualization of DR setting at 0 % compensation v
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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 @\ % compensation, SC at the line occurs

4. conclusion

Distance protection
Update DR settings accordin
undesirable operation of the pro
through authorized pro decrea
undesirable operatio g? \
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 compens ransmission lines as achieved in this paper.
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1. Introduction

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 k@lhd 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 fe&t of response

are considering the improvement of the relay algorithm
In this paper scheme is achieve the require

coordination assistance in DIgSILENT power factory progra ored program reference to
[11, 14] is used to determine the DR settings i d path of the network and
accordingly change in network topology, all cons sted and mentioned in [15], in
literature review use an fully cycle Fourier algori to check dynamic settings of the relay

according to compensation level [10], there > a ic ses on the problem of the over reach
in series compensated transmission lines use [ other paper proposes a new digital distance
r se compensated double-circuit transmission

lines. The new method uses data from fthe p ted double-circuit lines to calculate the
fault distance as illustrated i
Second stage, the prop nhances DRs performance through interactive control

system which is performed inte all power system network components, in brief
SCADA sends correct ings to rotection device consequently with the level of series
compensation. A S system consists from programmable logic controllers (PLC)
communicates wit ction devices and network topology status and sends/Receives data
with master stati a communication system [18]. The master station works as interactive

control system base oSILENT power factory protection coordination results to enhance the
rela ese-results to be sent to protection devices. The literature review of this part
is quency protection scheme for Kinmen Power System in Taiwan as
published in [

consequence, accumulating between coordination setting and make it dependable on
changin e 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.

2. 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.

TABLEI  LINE PARAMETERS FOR NETWORK UNDER CASE STUDY

Parameter | Value Unit
R 0.01273 Ohm/Km
L 0.9337x10° | Henry /Km
C 12.74x107° Farad/Km
2.1 Propsed scheme for protection technique £ O

The proposed scheme is selecting between two modes of ope;atio%this mode DR
parameters is set manually in case of communication between contrgkacks ) or remote setting
through SCADA, all network parameters are read such as line parameter.and C(Wnsation level,
then central station protection coordination assistant based ) SHN{ program execute

ariety in compensation level

optimal DR settings then go back written in DR control rack. Fo
in network DR parameters are being updated according inter between SCADA system

control racks.

Field Operation
( through DR Push Read all lines data on the
Button system, network topology

)N

) |

Is compensation level
change?

l Yes
Read Compensation Level Value /
ﬂ Yes
SILEN
9 Run Digsilant power Factory
. coordination scheme
PowerFactory
w2
Print DR settings, indicated No Is the communication
communication failed, |[&=—= Between SCADA

adjust setting manually system racks available?

7
WinCC"
Write Back the setting to Distance

’ > Relay through communication network
[ i
|

Fig 1 Proposed protection scheme flow chart

111



/4
Mﬁ!ﬂl‘e Cigre Egypt 2019

......................... Bl Path Bys2_Bus? |
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Fig 2 Electrical network model M N “
’ w W
2.2 Cases study and performance evalution \,
Polygon distance protection relay is configured o 1 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 . 2. Firs , DR performance when zone
1 faulty with variety of compensation. Second ca R performance when zone 2 faulty with
variety of compensation. In section III same studies i ical part.

4

1) Case 1, in case of 40% compensation through the protected path:
e performing short circuit the line 2, tripping signal came out correctly
according to tripping time ich equal 0.04 sec measuring and pick up times,

e performing short cir i , tripping signal came out correctly according
to tripping time of zon e 0.39sec measuring and pick up times, as shown
in fig. 4.
d, if the setting not updated or the proposed scheme not applied, all of
bac otection trip at (2.02 sec) is operated without optimal operation
shows the DR performance when SC applied at 80 of the line when DR
ingly 0% compensation.

% compensation through the protected path:
short circuit at 80% of the line 2, tripping signal came out correctly
rding to tripping time of zonel which equal 0.04 sec measuring and pick up times,
as shown in fig. 6.

e 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.

e 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 5 R-X plot for case 1at 40 % compensation, SC at 80%, when 0% setting still active
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Relay Model
Zone (All): Polarizing
ZI A 31.597 pri.Ohm 83.68°
I< ZI B 31.597 pri.Ohm 83.68"
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fo ZI B 36.989 pri.Ohm 84.32°
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Fig 8 R-X plot for case 1at 60 % compensation, SC at 80%, when 40% setting still active

3. 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
e Fig. 10, SCADA harmony without compensation. ,ik el Y
e DR congruence its settings accordingly with the compensation:level 4Q%\0 update DR
settings according to value, as shown in fig. 11 § A 4
e Fig. 12, Confirms SCADA capability to enhance the forN through applied
technique in compensation level 60%. -
e Finally, in case of any fault occurs the system k
comes from the series compensation rack as shown in fig.

ntil any feedback updated

Na\

|SIMATIC 300-Master
0 |
PROFIBUS(1) .l
PROFIBUS : f
|SIMATIC 300-Slave-S.Comp |SIMATIC 300-Slave-DR

T |

B @ B (B

2 4 4 3

Fig 9 SCADA hardware configuration in Step7- NetPro
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