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In this paper, the effect of number and fault current limiter(FCL) location has been investigated in
order to have maximum reduction of short circuit current level in all buses in a real network. To do so,
the faulty buses were identified in terms of short circuit current level by computing short circuits on the
desired network. Then, while the fault current limit was modeled, its optimal location and amount for
the greatest reduction in the fault current level of the whole critical buses was determined.
Optimization computations have been done using the genetic algorithm and method of reducing the
search space and all implementation stages of the proposed algorithm and reduction of search space
has been conducted in DIgSILENT software using programming language DPL. The results indicate
the high efficiency of the proposed method in reducing the short circuit current level of faulty buses
and simultaneous improving the power quality.
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1. INTRODUCTION

When a short circuit occurs, the fault current will
increase 10 times more than the nominal current. By
growing and developing the electricity networks, the
value of fault current gradually increases. By increasing
the fault current, network switches lose the capability of
tolerating and breaking this power, and to break such
current, it is necessary to use circuit breakers with
higher breaking current.This, in turn imposes heavy
costs on the system. If, after identifying the fault, its
current can clearly be limited by a method, a technically
and economically significant saving will be done. This
is possible by fault current limiters. Various types of
fault current limiters have so far been presented for the
abovementioned distribution and transmission networks.
This equipment normally reveals little resistance against
the flow of the current; however, after the short circuit
and in the initial moments after fault, their resistance
suddenly increases and prevents raising the short circuit
current. After each performance, limiters must be
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recoverable and not cause to create overvoltage or inject
harmonic to system in the steady-state of the system [1].

Using mechanical circuit breakers, the primary
limiters put impedance in the current path at the fault
time. Entering power electronic devices, thyristor circuit
breakers were used for the issue [2] and several circuits
including resonance impedance [3] and superconducting
circuits [4-6] have been presented using this
equipment.At normal operating conditions of the
system, superconducting limiter is a coil with
superconducting property which causes little resistance
and voltage sag. However, as soon as the occurrence of
short circuit and increasing the current higher than the
critical current, the related coil will indicate high
resistance and therefore, the fault current will decrease.
This was done in a short time and does not require any
detection system [7-9].

In the past two decades, with the discovery of high
temperature superconductors, various circuits such as
resistor superconducting limiters [5, 6], passing flux
[10], induction [11], imbalance flux [12, 13] and
saturated iron core [14] have been proposed to mitigate
fault current.
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Over Current Protection Coordination with FCL is
discussed in[15].In [16], an algorithm has been
proposed to determine the best location for the
installation of only one FCL. In this paper, in addition to
determining optimal locations for installing fault current
limiters in a real network, the value of the optimal
impedance required for fault current limiters has been
defined using the genetic algorithm. In the following
and in the second part, the studied network has been
introduced. The third part provides the short circuit
studies. FCL model has been shown in the fourth part;
and in the fifth part, the sensitivity factor has been
considered as a way to reduce the search space. The
optimum method used in this paper has been shown in
the sixth part. The conducted simulations results have
been addressed in the seventh part, and in the eighth
part, the accuracy of results have been discussed.

2. INTRODUCING THE STUDIED NETWORK

In this paper, a part of Iranian electricity network with
the maximum simultaneous load of about 850 MW that
consumes about 2% of the total grid has been studied.
Network information such as the information oflines,
loads, transformers and synchronous machines has
separately been implemented in the DIgSILENT
software. According to the last available information,
the surveyed network has 660 km of 400 kV line,
451.24 km of 230 kV line, 616.5 km of 132 kV line and
550.5 km of 63 kV line. The network is interconnected
to its adjacent electricity networks from Janoob and
Shomal. The single-line diagram of the studied network
is shown in Figure 1. Tables 1 and 2 demonstrate the

Grid: Summary Grid

output situation of 400 kV power and substations of
electricity network, respectively.

3. SHORT CIRCUIT STUDIES

In order to study the short circuit, three-phase fault was
performed in all voltage levels using DIgSILENT
software. Based on these calculations, the proportion of
the short circuit current to the power of circuit breaker is
more than 0.8 in a some number of 63 kV buses of
network such as Yazd 1, Yazd 2, Janoob and Shomal 1
(63/20) kV and Shomal 2 (230/63) kV. The interrupting
power of circuit breakers in the Shomal 1 (63/20) kV
substation is 26.9 kA and in substations of Yazd 2,
Janoob and Shomal 2 (230/63) kV are 31.5 kA and in
the substation Yazd 1 is 40 kA.

TABLE 1. The situation of power station's output in the limit
of the studied network

Name Units Capacity(MW)
Yazd CCPP CCPP 3x123
Zanbagh Gas Turbine 4x24.5
Solar CCPP 3x170
Yazd Gas Turbine 2%68
B.0.O0 CCPP 3x160

TABLE 2. The status of studied network sub stations

Name HV/LV Capacity Number and Capacity
MWwW) (Reactor)
Yazdl 400/63 2x200 1x50
400/230 2x200
Yazd2 - (1x50)+(1x100)
230/63 2x80
\ -——@

Figure 1. The single-line diagram of the network studied in DigSilent software
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TABLE 3. The results of three-phase short circuit on the studied network

Bus Maximum short circuit Ikss(kA)  Breaking current of CB (kA) Ratio of short circuit current to breaking current of CB
Yazd 1 35.998 40 0.899
Janoob 35.474 31.5 1.126
Shomal 1
27.862 26.9 1.035
(63/20) kV
Shomal 2
30.315 31.5 0.962
(230/63) kV
Yazd 2 26.243 31.5 0.833

Y Y'Y

FCL
Figure 2. FCL model in DIgSILENT software.

The reason for high short circuit current in these
substations can be seen by reference to the single-line
diagram of the network.Darvaze substation has been
interconnected to the substation of Yazd 2 from two
relatively short paths and Yazd 1 from one side. Shomal
substation is also fed by two 6.5 km lines of Darvaze
substation. In the substation of 63 kV Yazdl, the
maximum short circuit current is 35.869 kA but 40 kA
circuit breaker has been used while 31.5 kA circuit
breaker has been used with the maximum short circuit
current of 35.93 kA in the Janoob substation which can
make the substation condition near the critical state in
short circuit. Table 3 shows the maximum value of
three-phase  short circuit currents,and also the
interrupting power of circuit breakers for faulty
substations.The critical substations are shown in Figure
1 in number arrangement.

4.FCL MODEL

In fault conditions, FCLs appear as series impedance in
the network so that they can restrict the fault current.
However, the way and time of entering this impedance
is different according to the type of FCL. Furthermore,
the value of this impedance is variable in some FCL
types such as SFCL (superconducting fault current), i.e.
FCL impedance will increase by increasing the fault
current[17]. Out of these samples, SFCLs can be
mentioned. As soon as increasing the fault current,
according to their structure, SFCLs can enter into the
circuit and even restrict the first cycle of the fault
current. Given the diagram of SFCL resistance changes
in the reference [18], SFCL can be modeled by pure
inductive impedance with a good approximation. Thus,
a series reactor has been placed in the circuit to restrict
the fault current in the fault moment and its inductance

value has been converted to change impedance and do
experiments. At the time of fault occurrence, the
impedance value is considered fixed, so that the
calculations may be simplified [19]. Since only the
limiting role of FCL is considered in this paper, so the
model is highly efficient and convenient.A sample of
FCLs installed in the network is shown in Figure 2. The
paralleled circuit breaker normally closes and opens by
the fault occurrence.

5. SENSIVITY FACTOR

In a large power system, determining the number and
location of optimal FCL installation and also their
minimum possible impedance are very important when
the default current is near or more than the intolerable
current of circuit breakers in several buses [20].

On the other hand, given that in the paper, a real
connected network with a large number of lines and
substations have been used, so there are many locations
to install FCL and to mitigate the search space and
minimize the time required to find locations for the
optimal FCL installation, the sensitivity factor has been
calculated.In the present paper, given the FCL
displacement, the sensitivity factor has been defined as
the fault current reduction of critical buses in terms of
the level of short circuit current. To obtain the sensitivity
factor, first, all lines, substations and the location of
coupling buses with H structure in the network were
considered as a suitable place to install. In total, 107
sites were determined on the studied network and
numbered. Then, by installing FCL in any location with
a fix inductance value of 10 mH, the value of fault
current changes was obtained for each bus. The fault
current changes of critical buses were considered as a
vector according to Equation (1).

Alygs = {(AIKSS,I ), (AIKSS,Z )"""(AIKSS,NE )} 1

whereNs And Algssare the number of critical network
buses and the value of fault current changing on each
bus,respectively. Using DPL programming language in
DIgSILENT software, at first, FCL was installed in each
location and then, the short circuit test was conducted
on the critical buses.
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TABLE 4. The most effective location of FCLs installation in
reducing the fault current of critical buses.

Critical Seven suitable locations for FCL installation
buses (€))] ) 3) “) ®) (6) (0]
Yazd 1 99 103 102 17 71 80 23
Janoob 76 17 99 102 103 71 80

Shomal 1 102 103 98 42 2 99 97

Shomal 2 104 102 103 99 5 54 42

Yazd 2 90 91 103 30 29 100 101

H_/%/_)

FCL, FCL, (noveraves) FCL, (noverace ) FCL,
Figure 3. The way of allocating a chromosome to FCLs
location and inductance

Then, through investigating the results of short
circuit for each critical bus, sevenlocations that had the
highesteffect on reducing the short circuit current level
of critical buses were determined to install FCL. Results
obtained from this experiment on the critical buses are
shown in Table 4.

By studying the values in Table 4, we will achieve
the result that some locations of FCLs installation have
been repeated for two or more buses. After removing
iterative locations, finally, 22 locations were remained
as the location of optimal FCL installation that they
respectively include:

2, 5,17, 23, 29, 30, 42, 54, 71, 75, 76, 80, 90, 91, 97,
98,99, 100, 101, 102, 103,104.

Therefore, by calculating the sensitivity factor, in
addition to finding the best locations for installing FCL
in the network, the search space of genetic algorithm
has been reduced from 107 primary installation
locations to 22.

6. OPTIMAL LOCATION FOR FCL INSTALATION
AND ITS PARAMETERS

The objective of the present paper is to find an optimal
location or locations for FCL installation in the network
with the smallest orbital parameters and by considering
their economic advantage for keeping the fault current
level within the range of circuit breaker power. To do
so, genetic algorithm has been used[21, 22]. The main
stages of conducting the genetic algorithm in this study
are as in the following:

6. 1. Coding of FCL Location and Inductance Value
One of the major parts of genetic algorithm is the way
of defining chromosome to arrange FCLs and their

inductance value so that meanwhile the full covering of
problem variables, the calculation time can be reduced.
To allocate chromosome to the location and inductance
of fault current limiters, each chromosome is divided
into two parts. The first 22 genes of each chromosome
have been dedicated to 22 locations of FCLs installation
that according to the sensitivity factor, they were
selected as the most appropriate locations to install
FCL; each gene with the value of one and zero shows
FCL connection or non- connection in that location,
respectively. The second part of each chromosome is
composed of 176 genes that each 8 genes sequence
indicates the equivalence of inductance binary for each
FCLs installed. Figure 3 shows how to assign each
chromosome for FCLs.

6. 2. Fitness Function To obtain the fitness rate
related to each chromosome, at first, the location and
inductance of each fault current limiters are obtained
according to the gene-related content. Then, the
numerical values obtained from the chromosomes are
substituted in the system equipment and the short circuit
test is conducted on critical buses. According to the
given objective function, the fitness value of each
chromosome is obtained. In this project, the objective
function is defined as the following:

1 2 3
e Y e N

f=(A* NFCL)+(BZZFCL)+(C*Z 5 Lissn )+
1 1

short_circute_rating
+(D*[Nrer* 2 Zre D+ PF D)+ (Y PF2)
1 1 1
— Y
4 5 6
The objective function has been defined based on 4
main conditions and 2 penalty factors including:

1. Given the economic constraints in FCLs installation
and the high cost of this equipment, the problem of
the maximum buses should be solved with the
lowest number of FCL. Therefore, in the objective
function, the first condition is to have a minimum
number of FCL that the condition has been shown in
Equation (2) with number 1.

2. The FCL impedance should be chosen so that it has
the maximum fault current reduction with minimum
impedance value, because the value and size of
impedance are very effective and important in the
amount of construction costs and the price of a FCL
in the way that the greater impedance value of an
FCL, the more cost for construction and
completion[23, 24]. This point has been considered
as the second condition of the objective function and
is shown by 2 in Equation (2).

3. The proportion of the maximum short circuit current
to the interrupting power of circuit breakers for each
of buses' problems should be less than 0.75. This

2
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indicates that the level of short circuit current should
be within the range of interrupting power of circuit
breakers of that bus so that the power circuit
breakers has the ability to interrupt the short circuit
current at the fault occurrence time. This condition
is shown with 3 in Equation (2) and where Ixss;is the
maximum short circuit current of nth in problem
bus.

4. Given that the difference between the purchase and
maintenance costs of less FCL with more impedance
than more FCL with less impedance is noticeable,, a
condition should be considered in the objective
function so that before adding new FCLs, it possibly
increases the minimum number of FCLs to solve the
problem of short circuit current of critical buses,
before boosting new FCLs. The condition is
considered in Part 4 of Equation (2).

5. For FCL, the inductance value should be considered
in the range between the valid maximum and

minimum inductances for FCL that Lr;gz and Lr;a

are the valid maximum and minimum inductances
for FCL, respectively.

Lrer Shyey Sy 3)

In this paper, the maximum and minimum
inductances of FCL are considered 0.1 and 15 mH,
respectively.So, to avoid the excessive increase of FCL
inductance limit, defining penalty factor is inevitable.
The penalty factor wasdefined for each active FCL as :

If (Lpcr> 15mH)or (Lgcr< 0.1mH)Then (PF1=1000)

4)
Else
(PF1 =0)

6. Given the importance of the third condition, to
achieve the most optimal chromosome, a penalty
factor is defined that if the ratio of the maximum
short circuit current to the interrupting power of
circuit breakers of each buses having fault was
greater than 0.75, it penalizes that chromosome. This
factor is determined in part 6 of the Equation (2) and
for each critical bus.

In the present paper, parameters of genetic algorithm
are used with the following numerical values:
e Population size: (N= 50)
e Crossover rate: (Pm=0.1)
e  Mutation rate: (Pc= 0.9)
e  Maximum iteration number= 200
It is worth noting that all stages of the genetic
algorithm including the main program and all sub-
programs of Decode, Combination, and Mutation and
determining fitness, and so onareimplemented by the
DPL programming language related to the software
DIgSILENT Power Factory 14.

7. SIMULATION RESULTS

7. 1. Results of Genetic Algorithm
Implementation By reducing the search space
by calculating the sensitivity factor and performing the
genetic algorithm on the studied network, the
convergence time of the algorithm is mitigated from 608
minutes to 123 minutes and the number of frequencies
from 166 to 53 iterations.The selected optimal
chromosome shows 3 places for FCL installation that
includes the following locations:

1. To install the fault current limiter, the first location
was placed in Yazd 1 substation and in the coupling
placement of 63 kV buses in Yazd 1. The 63 kV bus
of Yazd lhas a bus bar with H structure and its each
bus is fed by a 400/63 kV transformer. So, a FCL
installation is essential in this substation. The
location of FCL installation has been revealed on the
single-line diagram of the network studied in Figure
1 on the Yazd 1 substation.

Given the output data of the genetic algorithm, the
inductance value of the FCL was calculated as 15 mH.
In 63 kV Yazd 1 and Janoob buses, by installing this
FCL, the problem of the short circuit current will be
resolved to the acceptable level.

2. To install the fault current limiter, the second
location has been placed in 230/63 kV Shomal
substation and in the coupling place of 63 kV buses
in Shomal 2. The location of FCL installation is
shown on the single-line diagram of the network
studied in Figure 1 on the Shomal 2 substation.
Given the output data of the genetic algorithm, the

inductance value of this FCL was calculated as 19 mH.

In buses of 63 kV Shomal 1 and Shomal 2, by installing

this FCL, the problem of the short circuit current will be

completely resolved.

To install the fault current limiter, the third location
was placed in 400/230/63 kV Yazd 2 substation and in
the coupling place of 63 kV buses in Yazd 2. The
location of FCL installation is indicated on the single-
line diagram of the network studied in Figure 1
3. on 400/230/63 kV Yazd 2 substation.

FCL in 3 mentioned substations is shown in Figure
4.Considering the output data of the genetic algorithm,
the inductance value of this FCL was calculated as 9.5
mH. In the bus of 63 kV Yazd 2, by installing this FCL,
the problem of the short circuit current will be
completely resolved.

]
| + ] bus

Figure 4. FCL connection in a substation

Searies Reactor
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TABLE 5. The short circuit current level in the networks critical buses before and after the FCL installation

Before the FCL installation After the FCL installation

Critical buses

Ratio of [, . toreaking current of CB 1o (KA Ratio of [, . tobreaking current of CB oo (kA)
Yazd 1 0.896 35.869 0.711 24.147
Janoob 1.114 35.093 0.88 27.954
Shomal 1 0.857 23.068 0.69 18.585
Shomal 2 0.962 30.306 0.7 22.053
Yazd 2 0.838 26.105 0.692 21.818

TABLE 6. Voltage level of 10 buses of the network with and without FCL, assuming that the fault occurs on the 63 kV bus of

YAZD 1 substation

Buses Voltage Sag withoutFCL Voltage Sag withFCL PercentImprovement inVoltage Level
Daneshgah 8.816 31.987 262.833
Modares 9.468 11.071 14.745
Shomal 1 35.463 42.242 15.848
Darvaze 32.041 40.435 26.199
Foolad 51.306 55.759 8.679
TorkAbad 62.020 63.61 2.571
ArdakAn 61.209 63.004 2.932
Rostagh 58917 61.278 4.007
Yazd 1 316.596 341.44 5.556
Yazd 2 345.187 364.367 7.847

The information related to short circuit studies on
the critical network buses before and after the FCL
installation at specified locations is in Table 5.

According to the information listed in Table 5, it is
noticeable that the short circuit current level of buses
having problem were considerably reduced and this
shows the efficiency and accuracy of the proposed
method.

7. 2. The Effects of the FCLs Installation on
Reducing The Voltage Sag One of the most
important and common problems of the quality of
power is voltage sag and the most important factor of
low-voltage in system is short circuit faults. System
voltage sag in the fault state is consistent with the value
of short circuit current. So, in case of using fault current
limiters that can effectively restrict the fault current, in
the fault time, excessive voltage sag can be prevented.
After installing FCLs in the studied network and
reducing the short circuit current level on critical buses,
to test the effect of FCLs installation on the value of bus
voltage sag reduction, the voltage level on some buses
of the network was investigated. By assuming the fault
occurred in the 63 kV bus of Yazd 1, the information
related to the voltage value of buses before and after
FCL installation is typically given in Table 6.

Through studying the voltage level of the network
buses in Table 6, it is obvious that the FCL installation
in the real network plays an effective role in reducing
the voltage sag of system buses at the fault moment.

8. CONCLUTION

Due to the few number of lines and buses of network on
one hand, and the existence of only one connection line
among network buses on the other hand, locating is
done more easily in the interconnected sample
networks.

However, in the real networks, due to having a large
number of lines and buses and on the other hand, the
existence of double circuit lines among buses, locating
will be more hard and the problem of the number of
limiters required for removing the short circuit current
will be more. In the present paper, locating the fault
circuit current limiter on a real network was done
applying DIgSILENT software. For this purpose, after
studying the short circuit on the studied network, the
critical buses were identified in terms of the value of
short circuit current. Then, ways of reducing the value
of short circuit current were examined in the critical
buses of the network that finally, according to the
conducted assessments, the use of fault current limiters
is considered as an appropriate solution. Then, due to
the high efficiency, yields and ability of restricting
current in the initial fault occurrence time, the
superconducting fault current limiters were elected
among the various types of fault current limiters. In the
next stage, out of the fault current limiters, a simple and
efficient model was provided to conduct the short circuit
tests on the network. After installing the proposed
model of the fault current limiter on lines, substations
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and coupling locations of network buses, the best
locations of installing the fault current limiters were
identified. In total, 107 locations were identified to
install the limiter in the various parts of the network that
their numbers were imitated to 22 optimal locations
using the sensitivity factor. The results show that the
convergence time of algorithm has been dramatically
reduced through the search space reduction by
calculating the sensitivity factor which is an indicator of
the appropriate efficiency and performance of the
sensitivity factor in this context. Then, GA was used to
determine the optimal locations of FCL installation. To
do so, the objective function of the problem was defined
in a way that the fault current value of critical buses
could be reduced by the minimum number of the active
fault current limiters and the lowest possible impedance
value for them. By implementing the genetic algorithm
using DPL programming language in the DIgSILENT
software and running this algorithm as completely
intelligent on a real studied network, the optimal
response was achieved; accordingly, three locations
were selected as the best locations to install the fault
current limiter on the network. By installing three

SFCLs with the optimal impedances obtained for each

of them, in three locations determined on the network,

the following results were obtained:

The ratio of short circuit current to the interrupting

power of circuit breaker has been reduced for buses

of Yazd 1 from 0.896 to 0.711, Jonoob from 1.114

to 0.88, Shomal 1 from 0.857 to 0.69, Shomal 2

from 0.962 to 0.7 and also Yazd 2 from 0.838 to

0.692.

These figures reflect this fact that the problem of

high levels of short circuit current on critical buses

was completely lost and power circuit breaker will
have the ability to interrupt short circuit current as
well.

2. By investigating the value of voltage sag at the
moment of the fault occurrence on buses of studied
network, it was determined that the value of voltage
sag is reduced on these buses that this issue will
cause to improve the power quality in the network.
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