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ABSTRACT

Fault Current Limiters (FCLs) are used to suppress the fault current to a level that can be handled by the circuit
breakers (CB). In medium voltage meshed Distribution Network (DN), the effectiveness of the FCL depends to a
large extent, on the number, locations and parameters of the available FCLs. As such, this paper presents an
Invasive Weed Optimization (IWO) based technique to determine the location of predefined number of FCLs and
their parameters in order to constrain the fault currents to tolerable limit of the CBs’ ratings. The number of
candidate locations of the FCL in a distribution network is large, as such sensitivity analysis based on the fault
currents is carried out first in to order to reduce the search space. The IWO is applied to solve an objective function
based on the lines fault current and the impedance of the individual FCLs. The short-circuit fault current maximum
allowable ratings of the CBs based on IEEE C37.04-2018, and the FCLs’ impedances are used as the inequality
constraints. To demonstrate its effectiveness, the developed FCL placement technique is developed in MATLAB
simulation and applied on IEEE 14-bus, 30-bus, and 118-bus meshed systems. The performance of the proposed
technique is validated by comparing the reduction in the fault currents on all the sensitive lines with those obtained
using genetic-algorithm (GA). With the FCLs optimally deployed using IWO, the fault currents were reduced by
24.58%, 21.94% and 21.87% in the IEEE 14-, 30-, and 118-bus system respectively when compared with the GA.
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INTRODUCTION

Faults in Distribution Networks (DNs) are responsible
for many forms of power quality issues ranging from
blackout and severe overvoltage that can damage
equipment. For instance, a single line-to-ground
(SLG) faults count for around 70% of total faults in
power DNs, even though three phase fault is more
severe (Cardoso et al., 2022; Chantachiratham &
Hongesombut, 2012). This is why the three-phase fault
information is used to select and set phase relays while
line-to-ground fault is used for ground relays (Chen et
al., 2021). Regardless of the type, fault leads to the
injection of large abnormal current regarded as fault
current. When fault occurs, the impedance of system
suddenly becomes very low at effected point as a result
of 5 to 15 times of rated current flow through the
system. When this large fault current passes through
the components, it creates excessive heat which can
damage the equipment (Elmitwall et al., 2016).

With the exponential growth of the grid connected
Distributed Generation (DG), and over-stretched
network facilities, power networks experience short-
circuit faults repeatedly. In addition, the engagement
of new energy suppliers, including independent and
residential producers supplying to DNs directly have
significantly increased the fault current levels of most
networks. This led to overstressing the installed
protection equipment and making necessary changes
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in the DNs (Farzinfar and Jazaeri, 2020; Fathi and
Sadeh, 2020).

The conventional approaches used to curtail the
devastating effect of the fault currents include the use
of high-capacity circuit breakers (CBs), high
impedance transformers, fuses, air-core reactors, and
reconfiguration of the system such as splitting of
power buses (Ghanbari et al., 2021). Many of these
approaches have the disadvantage of tripping other
additional breakers and disconnects, thereby bringing
successive power outages that lower the reliability of
the network (Ghanbari et al., 2021). It would also
cause potential instabilities in the power system, which
in some cases may contribute to major cascading
failures (Hu and Chiang, 2018). Even though the best
solution is the replacement of the overstressed
equipment, however it is not cost-effective alternative.
As such, numerous solutions were devised to suppress
the fault current and limit to it a level that can be
handled by the CB (Behzadirafi, 2015).

Conventionally, adjustable arc suppression coils
(ASCs) are automatically tuned to compensate the
reactive component of the fault current by creating
resonance with the distributed capacitor which is also
known as the resonant grounding technique (Jain et al.,
2016; Kothari and Nagrath, 2014). Over the years, the
have been gradually improved to adequately
compensate capacitive fault currents without putting
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much emphasis to compensate the active component
(Jarrahi et al, 2019; Chantachiratham &
Hongesombut, 2012). However, the magnitude of the
fault current from its active portion is sufficient to
overpower the CB and cause damage to the system.
Fault Current Limiters (FCLs) are capable of
compensating both active and reactive components of
the fault current as they can be flexibly controlled to
suppress the current. It is established that FCL device
is faster and more cost effective than the ASCs
(Sadeghi and Abasi, 2021; Khazali and Kalantar,
2014).

Moreover, FCL provides the essential protection to the
network with fast action and short recovery times, low
power loss, and the least negative effect on power
quality and reliability (Kumar et al., 2020). It
suppresses the fault current and hence reduces
mechanical and thermal stress on the DN components.
Various types of FCLs such as explosive limiters, solid
state FCL, superconducting FCL, resistive, inductive,
bridge, and resonance types have been studied and
applied for fault currents suppression (Kong et al.,
2018). During the occurrence of a fault, an active FCL
limit the fault current flow by exerting a high
impedance, while under normal operating condition
exhibiting a negligible impedance. In addition to fault
current suppression, FCL can used for the
enhancement of energy transmission, mitigation of
voltage sag caused by a fault, and improving system
stability, security and reliability (Wood, et al., 2014).

In spite of the various applications of FCLs, its
effectiveness largely depends on the location in the
network, number and the parameters (impedance for
instance) of the FCL. In DNs with radial structure, the
placement of FCL is easy and straightforward, as it is
generally installed next to the distribution substation
(Pirouzi et al., 2017; Farzinfar and Jazaeri, 2020).
However, in meshed DNs, the FCL placement
becomes much more complex. The complexity
increases with the number of FCLs and the size of the
DNs (Li et al., 2020). The difficulty can be attributed
to the bidirectional flow of the fault currents which are
not easily blocked by a single FCL, as against the
unidirectional flow in the radial network (Pirouzi et al.,
2017; Sadeghi and Abasi, 2021).

Various approaches have been proposed for
determining the optimal number, location and
parameters of FCL in DNs, with different objectives.
For instance, (Teng and Lu, 2018) applied genetic
algorithm to determine optimum numbers and
locations for FCL installed with the smallest FCL
parameters to restrain short-circuit currents under
CBs’ interrupting ratings. Sensitivity factors of bus
fault current reduction due to changes in the branch
parameters are formulated and applied to choose the
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candidates for FCL installations. While in
(Chantachiratham and Hongesombut, 2012), optimum
numbers and locations for FCLs are determined in
order to minimize the transmission loss and keep the
bus voltages within their allowable limits. Particle
Swarm Optimization (PSO) method is employed to
search for the best location and parameter of FCLs to
meet the specific requirements. Similarly, placement
and sizing of the hybrid superconducting FCLs to
restore the protection coordination of the DNs with the
synchronous DGs is presented in (Sadeghi and Abasi,
2021). The aim is to reduce the size of the hybrid
SFCLs and the total operation time of overcurrent
relays for two primary and backup protection models
in the fault conditions as much as possible. A crow
search algorithm is utilized for the optimal solution of
the problem. In (Yang, et al., 2018), a two-stage
optimization tool for the optimal placement of FCL is
developed. The first stage of method combined a
hierarchical fuzzy logic decision (HFLD) method and
Hashing-integrated generic algorithm (HIGA). The
HIGA is then further applied to determine the FCL
initial shunt reactance of the candidate buses.
Subsequently, PSO is then employed in the second
stage for optimizing the FCL parameters in IEEE 30-
bus system.

Furthermore, (Fathi and Sadeh, 2020) proposed a
Genetic Algorithm (GA)-based method for finding
optimal number, places and sizes of FCL to suppress
fault currents in DN with Distributed Generations
(DGs). In most of these studies, there are various
constraints considered. These include constraining the
fault current within maximum CB fault current ratings,
relay setting parameters, minimum and maximum
impedance of the FCL, among others (Teng and Lu,
2018).

Most of the aforementioned techniques suffer from
drawback to another. These include constraints
violation, convergence at local minima and
computational complexity (Sadeghi and Abasi, 2021).
Furthermore, some FCL placement techniques are
restricted to radial network which quite straight
forward. This study therefore, developed a technique
for the optimal allocation of minimum number of
FCLs in mesh DN and their parameters in order to
minimize the fault currents to tolerable limit of the
CBs’ rating using an Invasive Weed Optimization
(IWO) (Li et al., 2020). The IWO is chosen due to its
effectiveness and robustness of the algorithm in
solving mix-integer non-convex problems.

FORMULATION OF THE FCL PLACEMENT

The developed technique seeks to optimally determine
the location of FCLs and their parameters in order to
constrain the fault currents to tolerable limit of the CBs’
ratings. As such, the objective function is formulated as
a minimization problem;
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Where ZE€L is the impedance of kth FCL and N, is
the number of the FCLs. u and A are the weighting
coefficients for trading off between the size of the

FCLs and the fault currents, ij‘“‘”.
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CL impedance constraints: for economic
consideration, the impedance of the FCLs are
constrained within certain minimum and
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To solve (1) subject to (2) and (3) as constraints,
invasive weed optimization algorithm is applied.

B. Invasive Weed Optimization Application

Due to its effectiveness and robustness of the
algorithm in  solving mix-integer non-convex
problems, a population-based evolutionary Invasive
Weed Optimization (IWO) is used to solve the sizing
and placement of FLCs. In order to obtain the optimal
solution faster, the IWO is presented with a certain
portion or region of the search space. This certainly
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The network branches are then arranged in the order of
the Al; and the most critical branches are selected. The
IWO then optimized the FCLs based on the reduced
space.

In the first instance, having defined the number of the
FCL, n, the location, Ly, and impedance, Zf% of the
FCLs are generated randomly. Every string of the
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A. Invasive Weed Optimization Application

The minimization of (1) is subject to the following
constraints:

Fault current constraints: the fault current is
constrained within the maximum allowable short-
circuit current rating of the CBs, as

(2)

maximum limits, ZE2-™" and ZF 4™ respectively,
as shown in (3)

3)

increases the likelihood of finding global optima faster
rather than getting stuck in local optima. In addition,
the reduction onal complexity.

Initially, fault analysis is carried out by inserting short
circuit fault in various locations of the system at each
time instant. Average fault current on each branch is
computed. The branches are then ranked in the order
of the fault current impact, Al; defined in (4),

(4)

seeds represents a vector (population) constituting two
equi-dimensional sub-vectors. The first sub-vector of
the seed population is integer vector of FCL locations;
LECL, LBCL . LFCL while the second is non-negative
real valued vector representing their respective

impedances; ZF¢L, zFct . ZFCL  as schematically
shown in Figure 1.

Figure 1: Representation of the IWO seeds of the developed FCL placement.

The seeds generated are then used to calculate the
fitness values which are dispersed around the parent
weed (Mehrabian and Lucas, 2006). The plant in the
population is then allowed to produce seeds depending
on its own fitness and the adaptability as well as the

iter,q — iter
Oiter =

itermax

lowest and the highest fitness value of the plants in the
colony. At each iteration, standard deviation is varied
from an initial value of ainiiar to a final value of ofina,
using (5)
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Where, itermax is the maximum number of iterations,

aiter 1S the present iteration standard deviation and n is
the modulation index (Roozbeh et al., 2014). The
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number of iterations is used as stopping criteria. Figure
2 shows the flowchart of the developed IWO-based
FCL placement and sizing.
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Figure 2: Flowchart of the developed FCL placement

After defining the network line and bus data, load flow
and fault analysis is carried out to determine the normal
and fault condition of the system. Fault impact (Al) is
computed to get the most sensitive lines. The IWO then
determine the optimal location and size of the FCLs
based on the objective function in (1), subject to
constraints defined in (2) and (3).

Due to its efficacy, IWO is applied for other
engineering applications. For instance, in (Kaur, 2023),
IWO is applied for optimal power flow in power system
networks.

Il. TEST SYSTEMS DESCRIPTIONS

The developed scheme is tested on IEEE 14-bus,
30-bus, and 118-bus systems. Among factors
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considered to choose these systems for this study are
their sizes and network topologies.

The IEEE 14-Bus System is a well-known
benchmark used in power systems analysis and
research. The system consists of 14 buses (nodes)
connected by 19 branches and includes various
generators, loads, and branches. IEEE 14-Bus system
has 5 synchronous generators, which represent power
generation sources. Each generator is connected to a
specific bus and contributes to the overall power supply
of the network. Figure 3 shows the single line diagram
of IEEE 14-bus system.



Figure 3: IEEE-14 Bus Single Line Diagram (Chen, 2003)

While the IEEE 30-Bus system consists of 30 buses  of buses). The system has 118 buses, 118 branches, 54
connected by 41 branches. Figure 4 shows its single thermal units and 91 load points. The line diagram of
line diagram. In addition, the IEEE 118-bus is bigger IEEE 118-bus system is shown in Figure 5.

than the previous two systems in terms of size (number

Figure 4: IEEE 30-Bus Single Line Diagram (Chen, 2003)
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e | 18 buses

—— 186 branches
@ 54 thermal units

+ 91 loads

Single line diagram of the [EEE 1 18-bus test system

Figure 5: IEEE 118-Bus Single Line Diagram (Chen, 2003)

RESULTS AND DISCUSSION

This section presents the simulation results of the
optimal placement of the FCLs in the medium voltage
Distribution network using the IWO. The siting and

IEEE 14-bus System

In order to demonstrate the effectiveness of the
developed technique on system with few number buses,
the technique firstly applied on IEEE 14-bus system.

Figure 6 shows the line current profile indicating the
normal line currents and the fault currents along the 19
branches of the network. The fault current represents
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sizing scheme of the FCL is developed in MATLAB
simulation environment.

Power flow solution of the IEEE 14-bus is obtained
prior to the fault and subsequently fault analysis is
carried out. Table 1 shows the line currents with and
without the occurrence of the fault.

the average of the fault current when all the lines are
subjected with a short circuit. The devastating impact
of fault current can be observed considering the ratio
of the line currents under normal to fault conditions.
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Figure 6: Line currents under normal and faulted conditions of IEEE 14-bus system



Table 1: Line currents of IEEE 14-bus under normal and fault conditions

Line Number Normal Line currents Average Fault currents Fault current Impact, AT CB
(pu) (pu) (pu) ratings
1 1.2976 8.6375 7.3399 2.0952
2 1.7629 5.5956 3.8327 2.9258
3 1.3233 3.0559 1.7326 2.5466
4 1.6766 3.1945 1.5179 3.3532
5 0.9038 1.9749 1.0711 1.4076
6 0.8734 8.2293 7.3559 1.5468
7 0.5144 0.7265 0.2121 1.0288
8 1.0478 5.3745 4.3267 2.0956
9 1.2745 7.5976 6.3231 2.3490
10 1.4247 10.7647 9.3400 2.8494
11 0.5537 9.4496 8.8959 1.1074
12 0.7181 7.7470 7.0289 1.2362
13 0.9121 6.4972 5.5851 1.8242
14 0.9637 8.6148 7.6511 1.6274
15 0.8685 10.3459 9.4774 1.737
16 0.6288 12.1776 11.5488 1.157
17 0.9162 10.6714 9.7552 1.3324
18 0.7612 6.2342 5.4730 1.4524
19 0.6298 7.5060 6.8762 1.1596

In order to obtain the impact of the fault on the  differential shown in Figure 7, is the indicator of the
individual lines, the Fault Current Impact (FCI) is devastating nature of the fault and the vulnerability of
computed by subtracting the normal line current from  the line’s CB to be overpowered.

the average fault current along the line. This
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Figure 7: Fault Current Impact on IEEE 14-bus System

The branches of the network are arranged in

descending order of the FCI as shown in Table 2. This
is done in order to reduce the search space
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Table 2: Sorted Fault current impact

Line Number Fault current Impact (pu)
16 11.5488
17 9.7552
15 9.4774
10 9.3400
11 8.8959
14 7.6511
6 7.3559
1 7.3399
12 7.0289
19 6.8762
9 6.3231
13 5.5851
18 5.4730
8 4.3267
2 3.8327
3 1.7326
4 1.5179
5 1.0711
7 0.2121

It can be seen from Table 4.2 that lines 16, 17, 15, 10 and vulnerable to the impact of the fault. With the
and 11 with fault current impact of 11.5488, 9.7552, application of the IWO, the optimal location and size
9.4774,9.3400 and 8.8959pu are the most critical lines  of the FCLs are determined as summarized in Table 3.

Table 3: Optimal Location and size (impedance) of FCLs in IEEE 14-bus system

Line Number FCL size (pu)
16 0.8774
15 0.7455

Figure 8 shows the line currents with the IWO-optimized FCLSs.

It is observed from the Figure 8 that all the line currents obtained after the placement of the FCLs are within the
range can be handled by the CB, considering its ratings.
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Line Number
Figure 8: Line currents with the IWO-optimized FCLs on IEEE 14-bus System

In addition, the network average fault currents is  current. Figure 9 shows the fault current obtained
reduced from 7.073pu obtained using GA to 5.335pu. using GA and the IWO optimized FCLs.
This represents 24.58% reduction in the line fault
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Figure 9: Fault currents with GA- and IWO-optimized FCL in IEEE 14-bus

A. |EEE 30-Bus System network, the technique is applied on IEEE 30-bus
To verify the effectiveness of the developed IWO-  system. Power flow solution of the IEEE 30-bus is also
based placement of the FCLs on a relatively bigger obtained prior to the fault and subsequently fault

analysis is carried out.
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Figure 10: Line currents under normal and faulted conditions of IEEE 30-bus system

Figure 10 shows the line current profile indicating the As shown, it is noticed that the fault currents have
normal line currents and the fault currents along the 41 significantly exceeded the interrupting capabilities of
branches of the network. The devastating impact of the CBs along all the branches. To determine the most
fault current can be observed considering the ratio of critical branches, they are arranged in the order of the
the line currents under normal to fault conditions. FCI (shown in Figure 11).
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Figure 11: Fault Current Impact on IEEE 30-bus System
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The 10 most critical branches are shown in Table 4.

Table 4: Most Critical Branches in IEEE 30-bus system

Line Number Fault current Impact, Al (pu)
34 11.3178
35 9.56009
14 9.28785
13 9.1532
28 8.75983
37 8.71798
9 7.50875
31 7.49812
40 7.39808
6 7.20878

It can be seen from Table 4 that lines 34, 35 and 14  wvulnerable to the impact of the fault. With the
with fault current impact of 11.3178, 9.56009 and application of the IWO, the optimal location and size
9.28785pu respectively are the most critical lines and of the FCLs are determined as summarized in Table 5.

Table 5: Optimal Location and size (impedance) of FCLs in IEEE 14-bus system

Line Number FCL size (pu)
34 0.8204
35 0.8545
28 0.7885

Figure 12 shows the line currents with the IWO-optimized FCLs.
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Figure 12: Line currents with the IWO-optimized FCLs on IEEE 30-bus System

It can be deduced from the Figure 12 that all the line  to 4.805pu. This represents 21.94% reduction in the
currents obtained after the optimal placement of the line fault current. Figure 13 shows the fault current
FCLs are within the range can be handled by the obtained using GA and the developed WO optimized
respective CBs. In addition, the network average fault ~ FCLs.

currents is reduced from 6.1554pu obtained using GA
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Figure 13: Fault currents with GA- and IWO-optimized FCL in IEEE 30-bus
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B. IEEE 118-bus System

In order to demonstrate the effectiveness of the
developed technique on a very large system, the
technique is finally on applied on IEEE 118-bus
system. Power flow solution of the IEEE 118-bus is
obtained prior to the fault and subsequently fault
analysis is carried out.

Figure 14 shows the line current profile indicating the
normal line currents and the fault currents along the
most critical branches of the network. The devastating
impact of fault current can be observed considering the
ratio of the line currents under normal to fault
conditions.
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Figure 14: Line currents under normal and fault conditions of IEEE 118-bus system

Table 6: 20 most critical branches in IEEE 118-bus system

Line Number Fault current impact (pu)
13 13.43874
116 12.3765
76 12.23086
54 11.99273
34 11.75275
35 11.64759
14 11.55466
95 11.16122
110 10.93083
31 10.89994
97 10.69913
75 10.61861
108 10.59221
15 10.55921
113 10.32874
81 10.2058
42 10.16919
96 10.0041
88 9.880904
117 9.80005

In order to obtain the impact of the fault on the
individual lines, the Fault Current Impact (FCI) is
computed as shown in Table 6. After sorting the FCIs,
lines 13, 116, 76, 54 and 34 with FCls 13.44, 12.38,
12.23, 11.99 and 11.75pu respective are found to be
the most sensitive lines. Table 6 shows 20 most critical
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branches in the 118-bus system. It can be inferred even
from the table that line 13 is the most vulnerable line
of all the 186 lines in the system. With the reduced size
of the search space, the IWO was able to determine the
optimal location and size of the 7 FCLs as summarized
in Table 7.
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Table 7: Location and size of FCLs in IEEE 118-bus system

Optimal location (line number)

FCL size (pu)

13
76
34

0.9564
0.8766
0.9321
0.5455
0.8457
0.7485
0.9410

Figure 4.11 shows the line currents of the IEEE 118-bus with the IWO-optimized FCLs.
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Figure 11: Line currents with the IWO-optimized FCLs on IEEE 118-bus System

It is observed from the Figure 4.11 that all the line
currents obtained after the placement of the FCLs are
within the range can be handled by the CB, considering
its CB ratings. Moreover, the network average fault
currents is reduced from 7.43pu obtained using GA to
5.805pu. This represents 21.87% reduction in the line
fault current.

CONCLUSION

This paper presented an Invasive Weed Optimization
(IWO) based technique to determine the optimal
location and sizing of predefined number of Fault
Current Limiters in medium voltage meshed
distribution system. The need to determine the optimal
location and size of the FCLs is to suppress the fault
current to a level that can be handled by the CB. In
addition, effective deployment of FCLs in power
system can result in considerable saving in the
investment of high-capacity CB. Impedance of the
FCLs and the fault currents are considered as the
objective function. The number of candidate locations
of the FCL in a distribution network is large, as such
sensitivity analysis based on the fault currents is
carried out first in to order to reduce the search space.
This involves carrying out fault current flow analysis
on the original system and identifying the lines with
highest fault currents. The IWO is applied to solve an
objective function based on the lines fault current and
the impedance of the individual FCLs. The short-
circuit fault current maximum allowable ratings of the
CBs based on IEEE C37.04-2018, and the FCLs’
impedances are used as the inequality constraints.
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To demonstrate its effectiveness, the developed FCL
placement technique is developed in MATLAB
simulation and applied on IEEE 14-bus, 30-bus, and
118-bus meshed systems. The performance of the
proposed technique is validated by comparing the
reduction in the fault currents on all the sensitive lines
with those obtained using genetic-algorithm (GA).
From the simulation, is found that the fault current is
reduced from 7.073pu obtained using GA to 5.335pu
by optimally placing the FCLs using the developed
IWO IEEE 14-bus system. This represents 24.58%
reduction in the line fault current. For the 30-bus
network, the average fault currents is reduced from
6.1554pu to 4.805pu using the GA and IWO
respectively, representing 21.94% reduction in the line
fault current. Moreover, the network average fault
currents is reduced from 7.430pu obtained using GA
to 5.805pu when 7 FCLs are optimally sized and
placed in the 118-bus system. This represents 21.87%
reduction in the line fault current. It is concluded that
the optimal sizing and siting of the FCLs in the
networks has significantly reduced the fault currents to
the level that can be handled by the respective CBs.
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