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Developments in power systems like the installation of new generation resources and interconnections may increase short-
circuit current levels and consequently, impose additional costs of replacing circuit breakers and equipment. In these cases,
one of the best methods to reduce short-circuit currents in power systems and avoid significant replacement costs is to use
fault current limiters (FCLs). This paper suggests a new method for optimally locating and sizing FCLs using an imperialist
competitive algorithm (ICA). The ICA finds the optimal locations and sizes of FCLs such that not only are short-circuit
currents reduced, but the size of the installed FCLs is also minimized, and the system reliability is increased. Indeed, three
indices including the short-circuit level, the economic cost of FCLs, and the lost power are integrated into an objective
function with a new formulation. The results obtained from multiple executions of the suggested procedure for the 39-bus
New England benchmark system confirm that the formulation of indices in the objective function is suitable and the indices
can be prioritized easily. Also, the results indicate that the ICA can find the optimal locations and sizes of FCLs with good
convergence and accuracy considering the specified objectives and priorities.
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circuit currents in power systems and avoid the consequent
heavy costs is to install fault current limiters (FCLs) [1]. In
power circuits, an FCL is installed in series which has an

I. INTRODUCTION

In recent decades, short-circuit current levels in power

systems have increased due to the growth of the electric
industry, the network interconnections, and the increasing
penetration of new generation resources. To endure and
interrupt these high short-circuit currents, high tolerance
equipment and circuit breakers (CBs) with high breaking
capacities are required, but this imposes heavy costs. In these
conditions, one of the cost-effective methods to decrease short-
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almost zero impedance under normal conditions and limits the
passing fault current by adding a series impedance in the event
of a short-circuit fault [2], [3].

Locations and sizes of FCLs can affect important parameters,
such as the short-circuit level, the cost of FCLs, and the system
reliability. Due to the extent of power systems, optimally
locating and sizing FCLs can be a nonlinear and complicated
optimization problem with a large number of variables and
local optima. Hence, meta-heuristic algorithms with a global
optimum search capability are a good choice to solve this
problem. The meta-heuristic algorithms have widely been



employed in solving different power system problems [4]-[7].

In [8], the authors have utilized a multi-objective non-
dominated sorting genetic algorithm-II (MONSGA-II) for
optimal location of FCLs with the objective functions
including the short-circuit level, economic cost, and transient
stability indices. Also, the objective functions of the FCL
allocation problem in [9] comprise the short-circuit level,
economic cost, and system reliability indices, which have been
optimized employing a modified form of a multi-objective
particle swarm optimization algorithm (MOPSOA). Similarly,
in [10], the authors have considered the short-circuit level,
economic cost, and system reliability indices in the objective
functions and have examined a multi-objective evolutionary
algorithm based on decomposition (MOEA/D), MOPSOA,
and MONSGA-II to search for the optimal locations and sizes
of FCLs. The objective functions of the FCL allocation
problem in [11] include the economic cost and the short-circuit
mitigation effect, which have been optimized using an immune
algorithm (IA). The authors in [12] have utilized a multi-
objective firework algorithm (MOFA) to optimize the
economic cost, bus short-circuit current difference, and system
reliability in the FCL placement and sizing problem. The
objective function of the FCL allocation problem in [13]
includes the economic cost, power loss, and system reliability

optimized via a particle swarm optimization algorithm (PSOA).

In [14], the authors have considered the short-circuit current
limits in the constraints of the FCL placement and sizing
problem and have optimized the economic cost employing a
genetic algorithm (GA). The objective function of the FCL
locating and sizing problem in [15] comprises economic costs
of FCLs, fuses, reclosers, and reclosers’ directional devices,
which has been minimized using a GA as well. The authors in
[16] have utilized hybrid and modified versions of a GA to
search for the best locations and sizes of FCLs with the
minimum cost, considering short-circuit current limits in the
constraints. Also, the objective function of the FCL allocation
problem in [17] comprises the economic cost and short-circuit
level, which has been optimized using a GA. In [18], the
authors have recommended a two-step optimization method
utilizing a hierarchical fuzzy logic decision algorithm
(HFLDA), a modified version of the GA, and PSOA for
optimal allocation of FCLs. The objective function proposed
in [18] includes the number of FCLs in the first step and
comprises the FCL impedance and the network voltage quality
in the second step, while the fault current limits have been
included in the constraints of both optimization steps. In [19],
the authors have considered fault current limits in the
constraints of the FCL allocation problem and have minimized
the economic cost using the iterative mixed integer nonlinear
programming algorithm (IMINPA). The authors of [20] have
focused on selecting an FCL type and impedance with the
maximum reduction in fault currents and the minimum
relevant costs. However, the FCL location has not been
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considered in the optimization procedure of [20]. In [21], the
authors have presented a method for the simultaneous
optimization of the location of distributed generations and the
size of FCLs in smart grids. Indeed, the authors of [21] have
attempted to maintain the fault current levels unchanged after
the installation of distributed generations by optimizing a
single objective function using a GA without considering other
important indices such as the cost and the reliability.

Although these reviewed works have provided fairly desired
results with respect to their viewpoints and aims in the FCL
allocation problem, research on better formulations and
examining more efficient optimization algorithms is still in
progress. In other words, there are many alternative methods
which can lead to more useful and dependable FCL placement
and sizing results. The wise formulation of the FCL allocation
problem and the adequate implementation of a powerful global
optimization algorithm are the key points to achieve a better
alternative method.

The chief purpose of the present paper is to suggest an
efficient formulation and solving method for optimally
locating and sizing FCLs. The main contributions to the FCL
allocation problem are as follows:

- A new formulation is presented, in which the short-circuit
level, economic cost, and lost power indices are included in the
objective function. This formulation, while allowing
controlling the priorities and balancing the objectives easily,
can be solved with the broad range of available single-
objective optimization algorithms. However, with a minor
modification, it can also be handled with the multi-objective
ones.

- The imperialist competitive algorithm (ICA), as one of the
efficient and powerful meta-heuristic methods, is implemented
to solve the formulated optimization problem.

In the next sections, the ICA is introduced in Section II.
Then, the proposed formulation of the FCL allocation problem
and its solving method are described in Section III. Next, the
results of numerical studies and evaluations on a test system
are presented in Section IV. Finally, the paper is concluded in
Section V.

II. IMPERIALIST COMPETITIVE ALGORITHM

The ICA [22] is an optimization method based on the human
social-political evolution inspired by the imperialism. In this
algorithm, the countries that represent the solutions of an
optimization problem are divided into imperialists and
colonies. The total number of countries M; and the initial
number of imperialist countries M, should be determined at
the beginning of the algorithm. The initial number of colonies
M., 1s equal to the difference between M, and M;,. As the
algorithm starts and M; initial random countries are generated,
imperialists and colonies are designated based on their fitness



or cost function value. In a minimization problem, M
countries with the least costs are selected as imperialists, and
consequently, M, empires are formed. The countries that are
not imperialist, i.e., colonies, should be allocated to the
empires proportionate to the power of their imperialist
countries [22]. To allocate the colonies to the empires, the cost
differences for the imperialist countries are first calculated as
follows:

C, = maxc — cost, 0]

where cost, is the cost of the n'™ imperialist country, maxc
indicates the maximum cost among the imperialist countries,
and C, is the cost difference of the 7™ imperialist country.
Then, the cost differences are normalized as follows:

_n
ElT G
where S, is the normalized cost difference of the 7™ imperialist
country. After obtaining the normalized cost differences, the
number of colonies for each imperialist country is determined
as follows:

N, = round(S, . M.,) 3)

where round(.) is the rounding function and », indicates the
number of colonies of the n't imperialist country in the initial
iteration of the algorithm.

During the ICA iterations, the imperialist countries try to
assimilate the colonies. At each iteration of the algorithm, if
the distance between a colony and its imperialist is assumed to
be X, this colony moves towards the imperialist by x [22]. The
value of x is determined randomly at each iteration as follows:
x =rand([0, . X]) “)
where rand(.) generates a random number based on the
uniform distribution on the input interval. In addition, § is an
adjusting coefficient greater than 1, which makes it possible
for the colony to get close to its imperialist from two sides.

Movement of a colony towards its imperialists is not
necessarily in a straight trajectory. In order to model the non-
straight movement, the movement angle ¢ is defined with
respect to the straight trajectory [22]. The value of ¢ is
determined randomly at each iteration as follows:

¢ =rand([~y, 1) ®)

Sp = @

where yshould be determined at the beginning of the algorithm.

The revolution is another operator in the ICA, which
increases its exploration ability. By applying this operator,
some colonies may revolve and reach higher powers, and even
they may take over their imperialists and become the empire
centers. The revolution rate is an adjusting parameter and
should be determined at the beginning of the algorithm, too.
This rate indicates the percentage or proportion of colonies that
can revolve at each iteration [22]. For better convergence of
the algorithm, the revolution rate is reduced during the
iterations using a predetermined damping coefficient.

After the computation of the colonies’ movements and
revolutions, the cost function should be calculated for all the
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countries. If the cost of a colony is less than the cost of its
imperialist, that colony takes the place of its imperialist [22].
In this step, the total cost of each empire is obtained based on
the following equation:

T, = cost, + &. costcol, (6)

where costcol, is the average cost of colonies in the nh

empire, &is the impact factor of colonies, and 7, indicates the
total cost of the n'™ empire. The adjusting parameter & which
should be determined at the beginning of the algorithm is
usually smaller than 1.

One of the operations that can improve the performance of
the ICA is the integration of similar empires. If the norm of the
distance between two arbitrary empires is less than a specific
percentage of the norm of the search space size, they will be
united.

At the end of each iteration, the colony with the highest cost
is selected from the empire with the highest total cost, and it is
absorbed by one of the stronger empires. The absorption is
performed through a random imperialistic competition among
the imperialist countries. The use of a method like the roulette
wheel for determining the winner imperialist country gives
higher chances to the stronger imperialist countries with fewer
costs [22]. If no colony remains for an empire, the imperialist
country of that empire is also absorbed by the winner
imperialist country.

If the ICA is executed for an adequate number of iterations,
only one empire will remain at the end, which will give the
final optimal solution. However, in most cases, the optimal
solution can be reached at the best imperialist country before
this stage.

ITI. PROPOSED FORMULATION AND SOLVING
METHOD

In this paper, the general formulation of the FCL placement
and sizing problem is as follows:

rlanrl(kl fitks. fatks. f3) (7.1)
gia)

subject to:
1<} <L (7.2)
zmin < 7, < zmax (7.3)

where /; is the line number related to the location of the jth FCL,
Z; is the impedance of the jth FCL, L indicates the total number
of transmission lines, and Z™" and Z" are the minimum and
maximum impedances of FCLs, respectively. The cost
function shown in Equ. (7.1) includes three elements of fi, f>,
and f; denoting short-circuit level, economic cost, and lost
power indices, respectively. These three indices in the cost
function are weighted and prioritized by the coefficients of ki,
k>, and k3. The constraints shown in Equs. (7.2) and (7.3)
determine the permitted ranges of the optimization variables



and ensure that the solutions remain in the feasible ranges.

This paper solves the optimization problem (7) using an ICA.

The general procedure of the problem-solving method is
presented in Fig. 1. Based on this procedure, each country in
the ICA represents a solution for the optimization problem;
that is, it contains information about FCLs’ locations and sizes.
Indeed, the structure of each country is as follows:
country = [ly, by, o, Uy oo Lnp 24,25, 0, Zj,y v, Zif] ®)
where nf indicates the maximum expected number of FCLs
that can be installed, and /; and Z; are the decision variables
that take integer and real values, respectively. It should be
noted that during the ICA iterations, the decision variables are
selected to remain in the boundaries defined in Equs. (7.2) and
(7.3).

In the next subsections, each element of the cost function is
defined.

A. Short-Circuit Level Index

Since the main purpose of installing FCLs in power systems
is to minimize fault currents, one of the elements in the cost
function is defined based on the three-phase short-circuit
current level. Three-phase solid short circuits on buses are
usually the most severe faults in power systems. The three-
phase short-circuit currents neglecting the pre-fault currents
can be obtained as follows:
IS¢ = U;

t Zbusj;

©

where I is the short-circuit current for the three-phase solid
fault on the i™ bus, U; indicates the pre-fault voltage of the ih

bus, and Zbus;; is the diagonal element of the i row and
column in the network’s bus impedance matrix. The pre-fault
voltages can be assumed to be 1 p.u. The short-circuit level
index f1 in the cost function (7.1) is calculated as follows:
Z?:l Iisc (after)
fl = Z)ig:l IL'SC (before) (10)
where B indicates the total number of buses. Also,
sc (before) sc (after)
I; and [;

for the three-phase solid faults on the i bus before and after

are the short-circuit currents

the installation of FCLs, respectively. It is worthy to note that

to caleulate 17 /%" based on Equ. (9), the limiting
impedances of the allocated FCLs should be added to the
impedance of the corresponding branches, and the network’s
bus impedance matrix should be recalculated.

B. Economic Cost Index

To minimize the economic cost of FCLs, the smallest
possible components should be used for them. Thus, the
economic cost index f; in the cost function (7.1) is defined as
follows:
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Generation of the initial solutions (countries) including the
locations and sizes of FCLs with respect to the permitted ranges

defined in (7.2) and (7.3)

Calculation of the cost function based on (7.1) and (10)-
(12) for the initial solutions (countries) and sorting

v

Selection of the imperialist countries and allocation of the
colonies to them

v

n=1

v

Choosing the n™ empire

v

Movements of the colonies in the #™ empire towards the
imperialist country and random application of the
revolution operator, with respect to the permitted ranges
of the optimization variables defined in (7.2) and (7.3)

v

Calculation of the cost function based on (7.1) and (10)-
(12) for the colonies of the #™ empire and sorting

A\ 4

A

Yes Is there a colony with lower cost than its
; imperialist country2,
Replacement of the
superior colony with No
its imperialist country
. N

Calculation of the total cost for the empires and sorting

v

Integration of the similar empires

v

Absorbing the weakest colony of the weakest empire through the
imperialistic competition among the imperialist countries

Is there an empire without colony?

Y esl

Elimination of this empire through
No absorbing its imperialist country
by the winner imperialist country

Yes

4

Determining the locations and sizes of FCLs based on the best
remaining imperialist country

Fig. 1. The general procedure of the FCL allocation problem-
solving method based on the ICA.

nf
Z:j=1Z]'

f2= T (11)

The index presented in Equ. (11) includes both the number
and impedance of FCLs. Therefore, it can reflect the economic
cost of the FCL installation without requiring the actual prices.
Furthermore, the normalization helps to determine the



weighting coefficients and priorities with more ease and a
better sense for any system.

There are two main types of FCL — the bidirectional type
and the unidirectional type [23]. The conventional FCLs
mostly have a bidirectional function and limit the passing fault
currents in both directions. The conventional bidirectional
FCLs have been considered in this paper as well. However,
based on the recently published literature [24], [25], the use of
the unidirectional FCLs can be useful if both the downstream
microgrid and the main upstream grid are simultaneously
considered in the FCL allocation studies. Although this paper
has only focused on the FCL allocation in the main upstream
grids, the future studies will also consider the downstream
microgrids and the utilization of both the FCL types.

C. Lost Power Index

As stated in Section III.A, three-phase bus faults are
typically the most severe ones in power systems. The high-
voltage substations usually use modern bus/switching
configurations that are capable of isolating bus faults without
permanent disconnection of input and output feeders [26]. If a
bus fault current is larger than the breaking capacities of bus
CBs, then they cannot interrupt it, and other adjacent CBs in
the network should isolate the fault. In this circumstance, some
consumers and generators will be cut off from the network,
depending on the faulty bus location and the network
connections. In this paper, by calculating the overall power
disconnected due to the inability of bus CBs to isolate bus
faults, the lost power index is considered in the optimization
problem. The smaller this index is, the higher the system
reliability is. According to these explanations, the lost power
index f; in the cost function (7.1) is defined as follows:

2 Siost
fo= 0 (12)
total

where Sy, s the total consumption and generation apparent
power of the network and ), S;,s indicates the overall
apparent power of the consumers and generators disconnected
due to the inability of bus CBs to interrupt bus fault currents.
As mentioned before, thanks to the modern bus/switching
configurations of the high-voltage substations, it is possible to
isolate bus faults without permanent disconnection of bus
feeders. Therefore, if the short-circuit currents of all buses are
less than the breaking capacities of the main responsible CBs,

then ), S;os¢ Wwill be zero, i.e.,

fi=o0.

IV. NUMERICAL STUDIES

Here, the proposed FCL allocation method is programmed
in MATLAB [27] and applied to a test system.
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Fig. 2. The single-line diagram for the New England benchmark
network.

A. Test System

The 10-unit 39-bus 46-line New England test network [28],
[29] is considered for evaluating the proposed method. The
single-line diagram of this network is illustrated in Fig. 2. The
exact specifications of the test system considered in this study
are available in MATPOWER [30], [31] with some
modifications applied by the data provider. The base power of
the system is 100 MV A. The permitted short-circuit current for
the CBs installed in the test system is assumed to be 21.5 p.u.
It should be noted that the total short-circuit current of the

system before installing FCLs, i.e., Z?zl Il.sc (before)’ is

about 617 p.u. In this study, the limiting impedances of FCLs
are assumed to be pure reactances.

B. Parameters of ICA

In this study, the maximum expected number of FCLs is set
at about 25% of the number of lines, i.e., nf/=11. Hence,
considering the structure (8), each country contains 11
locations and 11 impedances (reactance values). Obviously, a
better sense about the maximum expected number of FCLs in
the system and lowering nf will make the solution area smaller
and lead to a better convergence speed. The ICA should
determine the optimal locations and impedances of FCLs
considering the defined objective function. The minimum and
maximum impedances of FCLs are 0 and 0.4 p.u, respectively.
When an FCL impedance is determined to be zero, it means
that there is no need to install an FCL in the corresponding
location. In other words, the number of finally allocated FCLs



may be lower than nf. The values of the ICA parameters
introduced in Section II are given in Table I. These parameters
are adjusted through several executions, the trial-and-error
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C. Optimization Results
The optimization results of applying the proposed method
to the test system with different values for the weighting

process, and also considering the suggestions and coefficients in the objective function (7.1) are presented in
recommendations provided in [22]. Table II. Information regarding before the allocation of FCLs

A is also given in the first row of this table for comparison.

TABLEI . . .
THE ADIUSTED VALUES FOR THE ICA PARAMETERS The ﬁrsthponilt which can be underst().od.from Table II is that
i the short-circuit level and lost power indices have decreased

Parameter Adjusted value . .
after the allocation of FCLs, where the economic cost has
Total number of countries M, 80 reasonably increased.
Tnitial number of imperialist countries M 3 According to the results of this table, the proposed method
has satisfactorily taken the priorities specified by the weighting
2 . . . . .
P coefficients into account. For instance, in executions #1 to #5,
14 0.5 rad in which the coefficient of short-circuit level index k; has
¢ 0.02 increased while the other two coefficients have decreased, the
algorithm has identified the priorities very well, and the short-
1t 1 0,

Initial revolution rate 30% circuit level index has decreased with the lowest possible
Damping coefficient of the revolution rate 0.99 increases in the economic cost index given the determined
Threshold percentage of similarity for the 2o, priorities. Expectedly, this has also reduced the lost power

integration of similar empires ’ index and improved the system reliability to some extent. In
Maximum 1000 other words, the proposed method has provided a balance
Stop criterion iterations Orl among the short-circuit level, the economic cost, and the
réemaining on . . . e e
one em%)ire Y system reliability based on the determined priorities. In the
same way, the correct identification of priorities is also
TABLE 11
THE OPTIMIZATION RESULTS FOR DIFFERENT VALUES OF THE WEIGHTING COEFFICIENTS IN THE COST FUNCTION
Coefficient of | Coefficient Coefficient Line number and L . Lost Satisfied
Run L X . Short-circuit | Economic i
short-circuit | of economic | of lost power impedance of . . power stopping
No. . . X X . level index f; | cost index f> | . .
level index k; | cost index k> index k; corresponding FCL in p.u index f3 criterion
#0 - - - - 1 0 0.345 -
#1 0.240 0.380 0.380 L27:0.191, L46: 0.104 0.871 0.067 0.098 | Max. iteration
#2 1 0.280 10.360 10.360 L27: 0.206, L46: 0.111 0.863 0.072 0.098 | Max. iteration
#3 10333 10333 10.333 L27: 0.227, L46: 0.121 0.855 0.079 0.098 | Max. iteration
L14: 0.140, L27: 0.400, . .
#4 10.384 10308 10.308 0.815 0.152 0.043 | Max. iteration
L46: 0.131
L14: 0.400, L27: 0.299, . .
#5 . ; . 0.780 0.230 0 Max. iterat
10.500 40.250 40.250 139: 0.159, L46: 0.156 ax. iteration
L14: 0.400, L27: 0.299, .
#6 0.400 0.200 0.400 0.762 0.341 0 One empire
L39: 0.400, L46: 0.400
#7|  10360 10.280 Vosep | WATOROLIOLI A 0s 0.118 | 0055 | O i
. . . . . . ne empire
L46: 0.133 i
#8 10.250 10.500 10250 L27: 0.176, L46: 0.096 0.880 0.062 0.098 | One empire
#9 0.380 0.380 0.240 L27:0.227, L46: 0.121 0.855 0.079 0.098 One empire
#0| 10315 L0315 tosze | LMOD0L27:0.227. 0 0y 0172 | 0043 | Oneempire
‘ : ‘ L46: 0.400, : : : g
#11 | L0290 10.290 Poago | MAHOLI0L2T0227. ) g 0.200 o |o i
5 o d . o il TNPIr
L39: 0.124, L46: 0.400 © Cmpie



obvious for the economic cost index in executions #6 to #8 and
for the lost power index in executions #9 to #11.

Another remarkable point that can be understood from the
results of Table II is the necessity of installing FCLs on the
lines L.27 and 46 because in all the executions from #1 to #11,
these lines have been selected as the optimal locations for
installing FCLs. Looking at Fig. 2, it can be understood that
the line L27 is the sole link between the bus B16 and the
subarea including the buses B19, B20, B33, and B34 with two
generators. It should be noted that if a fault in the bus B16 with
a short-circuit current of higher than the breaking capacity of
its CBs causes it to be separated, a relatively large subarea will
be cut off from the network as well. Also, the line L46 is the
sole link between the bus B38 with a large generation power
and the rest of the network. Hence, the lines L27 and 46 seem
reasonable choices to install FCLs. In addition, considering the
results obtained in different executions with various weighting
coefficients, the lines L14 and L39 are the next priorities for
installing FCLs. As can be seen from Fig. 2, the lines L14 and
L39 are the sole connection links of the generation buses B31
and B36 to the rest of the network, respectively. Therefore,
these FCL places seem to be logical as well.

According to the results presented in Table II, in executions
#5, #6, and #11 which are related to higher priorities of the
short-circuit index and lost power indices, the optimal value of
the lost power index f; is zero. As explained in Section III.C,
the zero value of this index means that short-circuit currents in
all the buses are lower than the CBs’ permitted short-circuit
current. Comparing executions #5, #6, and #11, the result of
execution #11 seems to be more appropriate due to its lower
economic cost.

Fig. 3 depicts the variations of the minimum cost value
during the ICA iterations for some executions. As can be seen
from this figure, the algorithm has converged to the final
solution in a smaller number of iterations before meeting the
stopping criteria, which implies the promising capability of the
ICA in solving the formulated FCL allocation problem.

0.6

===Execution #1

0.55
= =Execution #3

o
n

Minimum cost value
o S
b -~
ES W

—Execution #6

""" Execution #9

100 200 300 400 500 600 700 800 900 1000 1100
Iteration number

Fig. 3. The variations of the minimum cost value during the ICA
iterations.
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To further investigate the effects of FCLs, the short-circuit
current values for three-phase solid faults on the network’s
buses before and after allocating FCLs are shown in Figs. 4 to
7 for executions #1, #4, #7, and #11, respectively. In these
figures, the CBs’ permitted short-circuit current, i.e., 21.5 p.u,
is also indicated.

40 : : .
-E3- Without FCLs i
350 [ CBs' permitted short-circuit current
—©-With FCL
30

Short-circuit current (p.u)

5 10 15 20 25 30 35
Bus number
Fig. 4. The short-circuit current values for three-phase faults on
the buses before and after allocating FCLs for execution #1:
k1=0.240, k2=0.380, k3=0.380.

IS
=)

-3~ Without FCLs N
------ CBs' permitted short-circuit current !",
-o-With FCL i

©
[y

v
=)

[
93

Short-circuit current (p.u)
1]
(=]

Bus number
Fig. 5. The short-circuit current values for three-phase faults on
the buses before and after allocating FCLs for execution #4:
k1=0.384, k2=0.308, k3=0.308.

40 I T

-E3- Without FCLs ?
35F [ CBs' permitted short-circuit current

—©-With FCL

Short-circuit current (p.u)

Bus number
Fig. 6. The short-circuit current values for three-phase faults on
the buses before and after allocating FCLs for execution #7:
k1=0.360, k2=0.280, k3=0.360.
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TABLE II1
THE MINIMUM COST FUNCTION VALUES ACHIEVED BY THE PSOA AND THE ICA UNDER DIFFERENT WEIGHTING COEFFICIENTS
R Coefficient of | Coefficient Coefficient | Minimum cost function Minimum cost function
un
N short-circuit | of economic | of lost power value k\fi+kyfothksfs value k\fi+kyfotksfs
0.
level index k; | cost index k> index k3 achieved by PSOA achieved by ICA
#1 0.240 0.380 0.380 0.407 0.272
#2 10.280 10360 10360 0.323 0.303
#3 10333 40333 40333 0.409 0.344
#4 10.384 40308 40308 0.426 0.373
#5 10.500 10250 10.250 0.465 0.448
#6 0.400 0.200 0.400 0.419 0.373
#7 4 0.360 10.280 4 0.360 0.403 0.350
#8 40250 10.500 40250 0.287 0.275
#9 0.380 0.380 0.240 0.384 0.379
#10 10315 10315 10370 0.401 0.330
#11 10.290 10.290 10.420 0.343 0.291
0 problem. Indeed, the proposed method provides useful
-E2- Without FCLs n information for analysis and decision-making about the
35 [ CBs' permitted short-circuit current . . . . . .
-6~ With FCL optimal locations and sizes of FCLs considering the quantified
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Fig. 7. The short-circuit current values for three-phase faults on

the buses before and after allocating FCLs for execution #11:
k1=0.290, k2=0.290, k3=0.420.

As can be understood from Figs. 4 to 7, before installing
FCLs, the short-circuit currents for three-phase faults on the
buses B20, B31, B33, B34, B36, and B38 exceed the CBs’
permitted short-circuit current. According to Fig. 4, by
installing the FCLs allocated in execution #1, exceeding the
CBs’ permitted value occurs only for the buses B31 and B36.
Based on Fig. 5, the use of the outcome of execution #4 results
in only one violation of the CBs’ permitted limit in the bus B36.
As can be seen from Fig. 6, by installing the FCLs allocated in
execution #7, exceeding the CBs’ permitted value occurs only
for the bus B31. Furthermore, Fig. 7 shows that the use of the
FCL allocation result of execution #11 keeps all the bus fault
currents below the CBs’ permitted limit.

Based on the results presented in this section, it can be
inferred that the cost function components of the formulated
optimization problem can be prioritized readily. Also, the
implemented ICA has an excellent performance in solving this

priorities.

D. Comparison with the Particle Swarm Optimization

Algorithm

Here, the PSOA [32], as one of the most popular and
powerful meta-heuristic algorithms, is also implemented to
solve the formulated FCL allocation problem in the introduced
test system, and the results are compared with the ones
obtained using the recommended ICA. In the implemented
PSOA, the population size and the maximum number of
iterations are considered to be 80 and 1000, respectively. In
addition, the PSOA has some tuning parameters that are
selected based on the suggestions given in [33] (initial inertia
weight=0.7298, inertia damping factor=0.1, personal
acceleration  factor=1.4962, and social acceleration
factor=1.4962).

Table III provides the minimum cost function values
achieved by the PSOA and the ICA under different weighting
coefficients. As can be seen from this table, the PSOA has not
reached any better solution at all versus the ICA. So, it can be
said that the PSOA has been trapped in some local optimum
points.

Fig. 8 presents the variations of the minimum cost value
during the PSOA and ICA iterations for execution #11. This
figure represents the premature convergence of the PSOA in
the FCL allocation problem. Several modified versions of the
PSOA have been proposed so far to tackle this drawback, while
the ICA does not suffer from this drawback, at least in solving
the formulated FCL allocation problem.
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Fig. 8. The variations of the minimum cost value during the
PSOA and ICA iterations for execution #11: £1=0.290, k2=0.290,
k3=0.420.
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Fig. 9. The short-circuit current values for three-phase faults on
the buses before and after allocating FCLs, £1=0.290, £2=0.290,
k3=0.420.

E. Effect of CBs’ Breaking Capacity

As stated in Section IV.A, the New England test network
has been considered for evaluating the recommended method.
However, unfortunately, the specifications of its CBs are not
available. Hence, the permitted short-circuit current for the
CBs installed in the test system has been assumed to be 21.5
p.u. Although any assumption may affect the optimal solutions
for the test system, it will not violate the generalizability and
applicability of the proposed method. Here, the permitted
short-circuit current for the CBs of the generator buses, i.e.,
B30-B39, increases to 30 p.u, while it does not change for the
other CBs. In this case, given k=0.290, %,=0.290, and
k3=0.420, the introduced algorithm suggests the installation of
an FCL with an impedance equal to 0.227 p.u on the line L27.

Fig. 9 presents the short-circuit current values for three-
phase solid faults on the network’s buses before and after
allocating FCLs for this test.

As can be seen from Fig. 9, the short-circuit currents for
three-phase faults on the buses B20 and B34 exceed the CBs’
permitted current before installing FCLs. Moreover, it is clear
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that installing the FCL based on the suggestion of the proposed
algorithm keeps all the bus fault currents below the CBs’
permitted limit.

V. CONCLUSIONS

In this paper, a new efficient method has been suggested for
optimally locating and sizing FCLs in power systems by
combining an appropriate formulation with a powerful
optimization algorithm. First, the FCL allocation problem has
been formulated considering the short-circuit level, economic
cost, and lost power indices so that it can be solved by the
numerous available single-objective optimization algorithms,
while the three indices can readily be prioritized. Then, the
ICA, as one of the powerful optimization methods, has been
implemented to solve the formulated problem. The proposed
method has been applied to the 39-bus New England test
network. According to the results obtained from different
executions with different combinations of the indices’
weighting coefficients, the proposed method can effectively
take the specified priorities into account and can find the
optimal locations and sizes of FCLs with good convergence
speed. Indeed, the proposed method can offer suitable and
useful results for decision making about the FCL allocation in
the network considering the preferred objectives.
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