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Abstract: Nowadays, the development of smart grids has been the focus of attention due
to its advantages for power systems. One of the aspects of smart grids defined by using
distributed generation (DG) in a low voltage network is a microgrid (MG). Based on its
operational states, MG can operate in different configurations such as grid-connected mode
or off-grid mode. The switching between these states is one of the challenging issues in
this technical area. The fault currents in different buses have higher value compared to
islanded mode of MG when the MG is connected to the main grid, which influences the
protection equipment. In this situation, some electrical devices may be damaged due to the
fault currents. Application of a fault current limiter (FCL) is considered as an effective way
to overcome this challenge. The optimal size of these FCLs can optimize the performance
of an MG. In this paper, an index for FCL size optimization has been used. In addition,
two optimization algorithms (Bat Algorithm and Cuckoo Search Algorithm) have been
applied to the problem. The application of an FCL has been studied in grid-connected and
islanded-mode. In addition, the application of the capacitor bank in both modes has been
investigated. The results of simulations carried out by MATLAB have been presented and
compared.

Key words: fault current limiter (FCL), Bat Algorithm (BA), Cuckoo Search Algorithm
(CSA), microgrid (MG)

1. Introduction

Nowadays, the development of advanced technologies and the advent of new requirements
such as reducing CO2 emission in power systems have propelled the conventional power sys-
tems to a new power system. The power systems should become smarter to overcome many
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challenges. Smart grids equipped by communication technology are new paradigms that have
been proposed to solve some problems. Employment of this concept leads to reduction of power
loss and increases efficiency and flexibility in power systems [1–4].

Along with smart grids, the application of distributed generations in power distribution net-
works has created microgrids (MGs). A mart MG consists of some Distributed Generations
(DGs), energy storage systems and loads controlled by a Central Controller (CC). The CC can
exchange telecommunication signals with all units. The MG can operate either in grid connected
or islanded mode [5–6].

Although the DG integration in the MG has some advantages for consumers and power sys-
tem operators, some problems have emerged by MG development. One of the main problems is
the change in protection coordination due to the presence of DGs. As a result, protection devices
settings that are coordinated without considering DGs should be altered [7].

Another protection problem occurs when the MG is disconnected from the main grid. The
disconnection of the MG from the main grid causes different configurations for the MG. If the
MG is connected to the main grid, the fault currents level in MG buses will be more than islanded
mode. Due to this difference, protection coordination should be changed by operational mode
switching in the MG. Fig. 1 shows the typical MG that can operate in two probable operation
modes [8].
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Fig. 1. Typical MG consists of DGs and FCLs [8]

When the applied DGs in the grid are synchronous machines, the fault current in islanded MG
does not vary from islanded mode and thus the traditional protection devices can be used. On the
other hand, inverter-based DGs that limit their contribution to the fault current cause protection
failure [9–12]. To solve this problem, different protection schemes such as digital, admittance
and impedance relays have been proposed for this situation [9, 11].

In recent decades, due to power electronics and semiconductor advancement, new solu-
tions for power system problems have been presented. A fault current limiter (FCL) is a power
electronic-based device, which limits the fault current when a disturbance such as a fault has
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occurred. FCLs can be categorized in two main types: a passive and active type. The passive type
is permanently placed in a grid while another type is located in circuit only in fault conditions.
The passive type causes excessive losses due to permanent operations. Fig. 2 shows the active
FCL structure.

Fig. 2. The active FCL structure

The active FCL has no effect on the normal condition of an MG, power system and fault
condition. It has been recognized less than one cycle by the system controller and the limiter
impedance (inductance, resistance or capacitance) is activated in the circuit. Fast response and
no effect on normal operation of the grid are the advantages of FCLs.

The location of the FCL is an approach that affects the fault current in the grid, and the
optimal locating can have a dramatic effect on these currents studied in [13–16]. The genetic
algorithm (GA) has been applied to achieve the optimal number and location of the FCL resulting
in minimization of the circuit breaker and fuse cost in the grid. Another important issue is the
size of FCL impedance. In [16], an FCL has been located in series with DG to avoid protection
coordination failure. In both studies, the grid is in grid-connected mode.

As previously mentioned, considering mode changing in the grid, fault currents and conse-
quently protection coordination are failed. An FCL can mitigate the variations in the fault current
level. The size of impedance that is selected in fault condition influences the difference between
fault currents in operational modes of the MG. In [17] and [18], using particle swarm optimiza-
tion (PSO) and a GA, respectively, the size of this impedance has been obtained to minimize
variations due to MG configuration change.

In this paper, two new and effective optimization algorithms have been used to determine
the size of impedance to minimize the variation of fault levels in an MG. As mentioned, the
fault currents in an MG are different in various operational modes. The fault currents value in
connected mode (to main grid) is high, while in islanded mode it is less. Optimal sizing of
FCL placement can decrease the difference of fault currents in different modes. In this paper,
the Cuckoo Search Algorithm (CSA) and Bat Algorithm (BA) have been used for optimization.
The CSA [19–20] and BA [21–22] have been used for this purpose. In addition to MG mode
changing, the application of the capacitor bank has been investigated. The CSA and BA are
optimization algorithms inspired from some cuckoo species and some bats, respectively, which
have an effective role in different optimization algorithms. In the next section, problem formu-
lation has been carried out. In the third section, two methods have been explained. Simulation
results have been presented in section four. Finally, a conclusion has been presented in the last
section.
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2. Problem description

2.1. Case study

As mentioned, DGs are one of the main elements that have been placed in MGs. Fig. 1 shows
the case study of this paper. This MG consists of two feeders and two DGs in these feeders. The
MG can be connected or disconnected from the main grid using switch S1.

Since the three phase-balanced fault has a maximum current level in buses, it has been con-
sidered for calculations. These currents can be calculated in three configurations of the MG. If
the MG is connected to the main grid, the fault currents will increase. In this situation, the DGs
can be located in the circuit or not. On the other hand, if the MG is islanded, the fault currents
will decrease dramatically. Generally, it can be seen that three probable configurations can be
supposed in the MG:

Configuration A. The MG is connected to the main grid but no DGs connected to the MG.
Configuration B. MG is connected to the main grid and two DGs are connected to the MG.
Configuration C. The MG is islanded.
Fig. 3 shows the fault currents of the MG in three configurations. As shown, the difference

between fault currents is highly considerable requiring a proper scheme to minimize this differ-
ence. A proper solution for this problem, as mentioned, is FCL application. Several FCLs can be
located in an MG. These FCLs have been placed in series with two DGs in the main feeders that
connect the MG to the main grid (before bus#1).
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Fig. 3. Fault currents in different configuration of MG

2.2. Problem formulation

To achieve the best size of FCL impedances, the impedance matrix of an MG in three con-
figurations is determined. Based on this, ZA, ZB and ZC are the impedance matrices of config-
urations A, B and C, respectively. To obtain these matrices, firstly admittance matrices (Ybus−A,
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Ybus−B and Ybus−C) are achieved and then inverted. The objective function can be expressed as
follows:

objective function =
m

∑
i=1

m

∑
j=1

(abs(ZBi, j −ZAi, j)+(abs(ZCi, j −ZAi, j)), (1)

where: parameter m is the number of buses and ZA, ZB and ZC represent the elements of impedance
matrices in three configurations. In (1), ZAi, j is the impedance matrix of configuration A, which
is the base configuration, and two other configurations using FCLs are compared to this config-
uration. Impedance of FCLs can be expressed as follows:

ZFCL−s = Rs + jXs , (2)

ZFCL−1 = R1 + jX1 , (3)

ZFCL−2 = R2 + jX2 (4)

and the constraints that are applied to impedances are as follows:

0 ≤ Rs ≤ Rs−max , (5)

0 ≤ R1,2 ≤ Rs−max , (6)

Xs−min ≤ Xs ≤ Xs−max , (7)

Xmin ≤ Xs ≤ Xmax . (8)

To obtain the best size of FCL impedance, Equation (1) should be minimized. Therefore,
a nonlinear equation should be solved which requires the use of heuristic or evolutionary al-
gorithms. In this paper, BA and CSA have been applied to the objective function. In the next
sections, two methods have been described and simulated.

3. Optimization algorithms

3.1. Cuckoo Search Algorithm (CSA)

The Cuckoo Search Algorithm was initially developed in 2009 and inspired from a fascinat-
ing bird, named cuckoo. Its reproduction was amazing; this bird lays its eggs in the nest of other
birds (hosts). These eggs may be recognized by hosts. Among all nests, the best nests that have
the best eggs are selected by cuckoo for the next generation. The chicks that hatch from the eggs
grow and become a mature cuckoo to create a new society in a new region. The best region will
become the purpose of the next generations and, finally, finding the best region is achieved.

Similar to other optimizations, the CSA starts with a population of cuckoos. The cuckoos lay
a number of eggs in host birds’ nests. Some eggs that are more similar to the hosts’ eggs are
more probable to survive. A nest that has raised more cuckoo chicks has better quality. The CSA
searches for the best nest and region that most eggs can grow in. Fig. 4 shows the flowchart of
the CSA and its steps are as follows:

– Step 1. The first population is initialized.
– Step 2. Cuckoos lay the eggs in different host nests.
– Step 3. A fitness function for population evaluation (Fi).
– Step 4. A nest between all nests is chosen (F j).
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– Step 5. Select the best nest between two nests.
– Step 6. The worst nests are abandoned.
– Step 7. Repeat this procedure to satisfy the stop criterion.

Fig. 4. Cuckoo Search
Algorithm flowchart

3.2. Bat Algorithm (BA)

The Bat Algorithm is a new optimization algorithm, which has been inspired from bat behav-
ior for food search. The bats use echolocation by generating ultra sound waves to find their prey
location. The waves are reflected from the environment and foods with different levels causing
bats to discover their prey. The ability of exchange of waves is an amazing ability that helps
the bats hunt, pass obstacles and find their path. Each bat has three basic parameters: location
(Xi), velocity (Vi) and quality. The present location of a bat is influenced by its previous location
and the best bat location. Each bat changes its route considering the best bat. Based on this bat
behavior, the BA can be described as follows:

– Bats use echolocation to determine their routes.
– Bats fly randomly with Vi in Xi with a constant frequency of fmin and different wavelengths

of λ and loudness of A0 to search their preys.
– Bats automatically change the wavelength of their generated waves considering the close-

ness to the prey by a parameter named pulse release rate (r).
– The sound loudness varies from a minimum value (Amin) to a large value (A0).
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Based on the mentioned terms, each bat wants to move to the best bat, and it can be expressed
that:

X t
i = X t−1

i +V t
i , (9)

V t
i =V t−1

i +(X t
i −X∗) fi , (10)

f t
i = fmin +α( fmax − fmin), (11)

where: t represents each stage number and α is a random vector between [0, 1] that regulates
the frequency in each stage by producing a frequency between maximum ( fmax) and minimum
( fmin) frequency.

A bat can receive the best bat signal with probability of rand. If it receives this signal, it
moves to the best bat. This step can be expressed as follows:

i f (rand)> ri ,

Xnew = Xold + ε∗At .
(12)

While A is the mean loudness of a bat in the stage of t and ε is a random number between
[−1, 1]. If a bat reaches to its prey, it will produce the minimum loudness (Amin) which is as-
sumed to be zero. Considering a bat close to the prey, the generating loudness should be decreased

Fig. 5. Bat Algorithm flowchart
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as follows:

At+1
i = β ∗At

i , r t+1
i + r0

i [1− exp(−γt)], (13)

where: β is between [0, 1] and γ is a positive value. If the steps tend to a large number, r tends
to r0and loudness tends to zero. The flowchart of the BA is shown in Fig. 5.

4. Simulation results

The low voltage network, which has been used for simulation tests, has been shown in Fig. 1.
This system consists of two main feeders and two DGs have been applied in this system. Different
parameters of the network have been listed in Table 1. As previously mentioned, different short
circuit currents of the network, considering DGs and without DGs, have been shown in Fig. 3.
The 8 MVA DGs have been installed in bus#2 and 6. The CSA and BA have been used to find
the optimal FCL size in an MG.

Table 1. Network and DGs parameters

System characteristics

Feeder impedance Z = 0.1529+ j0.1406 Ω/km

Network characteristics SCC = 500 MVA and X/R = 6

Network transformer parameters 20 MVA, 115/12.47 kv, Dyn, X+ = X− = X0 = 10%, Xn = 5%

Base power and voltage Sb = 100 MVA, Vb = 12.47 kV

DG transformer parameters X+ = X− = X0 = 5%, 12.47 kV/480 V Yn/D

DG reactance X+ = X− = 9.67%, X0 = %, Xn = 5%

Fig. 6 shows the convergence procedure of two methods. These two methods have been run
by 200 iterations and the final values of the objective function and the impedances size have been
listed in Table 2. Each algorithm has been run 50 times and the best results have been presented.
In this stage, it is assumed that the FCL impedance has resistive and inductive parts or resistive
part only (no capacitive part).

Table 2. FCL sizes and objective function values by resistive and inductive FCL

FCL impedance
Resistive and inductive Resistive only

BA CSA BA CSA

Z1_TCI 0.0001 + 0 j 0.0897 + j0 4.0811 4.0811

Z2_TCI 0.0003 + 0 j 0.1047 + j0 0 0

Zs_TCI 1.0109 + j2.2974 0.4584 + j2.5584 0 0

Objective function 17.6087 17.12 31.8761 31.8761
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Fig. 6. The convergence process of both algorithms (resistive and inductive cases only)

In addition, two algorithms have been applied for a capacitive and inductive FCL and their
results have been presented. Fig. 7 shows the convergence procedure of two methods for these
cases. These two methods have been run by 200 iterations and the objective function and the
impedances sizes have been listed in Table 3. The results show that the capacitive FCL can
minimize the objective function more than inductive or resistive ones, which means that the
difference between the short circuit currents is less than the two others.
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Fig. 7. The convergence process of both algorithms (assuming capacitive and inductive cases)

Fig. 8 shows the fault currents in grid connected mode with and without the FCL. As it
can be seen, the fault currents using the FCL have been decreased, which affects the operation
of protection equipment. As shown in the illustration, the fault current in bus#6 is decreased
from nearly 11 kA to 6 kA. In addition, other fault currents have been reduced which shows the
effectiveness of FCL sizing. On the other hand, the difference between fault currents (for two
buses) in two scenarios has been decreased dramatically; as shown in Fig. 8 for bus#5 and bus#6.

Another simulation scenario has been carried out by locating the capacitor bank in the MG.
Considering the capacitor bank in bus#1, with an impedance equal to −0.5 j, the FCL sizes have
been obtained. The negative imaginary part of this impedance decreases the total impedance
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Table 3. FCL sizes and objective function values inductive and capacitive FCL

FCL impedance
Inductive and capacitive Inductive only

BA CSA BA CSA

Z1_TCI 0.1171− j0.2462 0− j0.3586 2.4626 2.4626

Z2_TCI 0.0173− j0.5933 0.1819− j0.4083 0 0

Zs_TCI 9.9940− j9.9999 10.0+ j10.0 0 0

Objective function 3.0900 3.5216 21.0076 21.0076
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Fig. 8. Fault currents in grid-connected mode with and without FCL

and consequently, the fault currents increase. The results of the BA and CSA have been listed
in Table 4. By applying the achieved FCL in the simulation, it can be seen that the differences
between the fault currents for all buses in this scenario have been reduced as shown in Fig. 9.

Table 4. FCL sizes and objective function values by assuming capacitor bank in bus#1

FCL impedance
Inductive and capacitive

BA CSA

Z1_TCI 10.00− j10.00 10.00− j9.9999

Z2_TCI 0.0413− j0.5899 0.00− j0.0613

Zs_TCI 0.1687− j0.0969 0.1324+ j0.6279

Objective function 3.3873 3.9045

Obviously, the difference between fault currents in two configurations (A and B) without the
FCL is high (sometimes more than 2 kA), while these values are less than 0.5 kA with optimal
sizing of FCL placement. For configuration of C and A, this decrement is clearly observable
considering Fig. 9.
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5. Conclusion

In this paper, by using FCLs, an attempt is made to decrease the difference between various
operational modes of an MG. The MG consists of two DGs and can operate in grid-connected
or islanded mode. To optimize the FCL size, the impedance matrices of three operational modes
have been initially computed. An objective function has been defined using these matrices. To
optimize the objective function, two optimization algorithms (BA and CSA) have been applied
to the problem. The result of optimization algorithms for different FCL types such as (resistive,
inductive, and capacitive) has been presented by using two optimization algorithms. In addition,
the application of the FCL by using the capacitor bank in the MG has been studied. Application of
an optimal size of the FCL decreases the difference between fault currents in different operational
modes and consequently decreases coordination failures. The application of optimally sized FCL
decreases the difference between fault currents in different configurations (from 5 kA to lower
than 0.5 kA).
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