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Abstract: In this paper, optimal allocation of a distributed thyristor-controlled series compensator
(DTCSC) in a power system is presented to minimize overload, voltage deviations, and power losses
while improving system reliability. The decision variable was defined as the optimal reactance of the
DTCSC in the power system, which was determined using a new meta-heuristic algorithm named the
improved equilibrium optimization algorithm (IEOA). A nonlinear inertia weight reduction strategy
was used to improve the performance of traditional EOA in preventing premature convergence and
facilitate a quick global optimum solution. The effect of system critical line outage was evaluated
for each of the considered goals. To evaluate the effectiveness of the proposed methodology, IEOA
capability was compared with particle swarm optimization (PSO) and manta ray foraging optimizer
(MRFO) methods. Simulations were carried out considering different scenarios on 14- and 118-bus
test systems. The results showed that, for all scenarios, optimal allocation of DTCSC could result in
a significant reduction in overloading, voltage deviation of network buses, as well as power losses
under the condition of line outage, due to the optimal injection of reactive power. In all investigated
scenarios, our results attested to the superiority of the IEOA over the traditional EOA, PSO, and
MRFO in achieving a better value for the objective function. In addition, the results showed that
improving reliability in the objective function could eliminate overloading, and hence, introduce
further improvement in each of the objectives.

Keywords: distributed thyristor controlled series compensator; optimal allocation; overload; reliabil-
ity; improved equilibrium optimization algorithm

1. Introduction

In power systems, the congestion of transmission lines has been a concerning issue.
Excessive use of line capacity causes overloading in the form of congestion of the trans-
mission lines [1,2]. Line blackouts in power systems are often caused by line overloading,
bus voltage deviations, and excessive power losses. Using flexible AC transmission sys-
tem (FACTS) devices [2,3] is one approach to solve such problems, and have significant
potential to make power systems operate in a more flexible, secure, and economical way.
By using FACTS devices, network load distribution is controlled; in other words, the load
distribution path is managed and reduced in high load lines [1,2]. FACTS devices have
been used in many applications in power systems, but they have limitations in terms of
commercial applications. Among these limitations are the high fault current and insulation
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stressing the electronic power systems, increasing costs due to the use of a high power
gate turn-off (GTO) thyristor, and unfavorable reliability of the power system. Distributed
FACTS (DFACTS) have been used in recent years to solve the above challenges [4]. One of
the suitable DFACTS devices for power systems is the distributed thyristor-controlled series
compensator (DTCSC) [5], which is installed throughout the transmission line. The DTCSC
consists of three switches, a capacitor, inductor, and single-turn transformer. A single-
turn transformer is designed with many secondary turns. The single-turn transformer is
normally bypassed by the electro-mechanical switch and is normally closed. When it is
opened, the required impedance is injected. One switch is closed to inject inductance and
another switch is closed to inject the capacitor. Thus, the DTCSC is modeled as a variable
reactance transformer [5,6]; it can control the reactance of the line in which it is placed, and
thus control the load distribution. By floating the DTCSC in the power transmission line,
the limits of high fault currents increase and the reliability problem is solved. In addition,
non-stop operation is possible in failure conditions, and reliability and availability can
be maintained at high levels. The use of the DTCSC device in power systems has many
advantages, such as regular control of load flow, minimum production and operational
costs, improvement in dynamic stability, enhancement of line transfer capacity, reduction
in active losses, reduction in voltage fluctuations, and compensation of reactive power.
Therefore, to retain maximum DTCSC performance, its reactance must be tuned using
optimization algorithms. Many studies have been conducted on the use of FACTS devices
in power systems, but limited studies have been conducted on the optimal allocation of the
DFACTS device, especially the DTCSC. In [7], the optimal use of the DTCSC in a 14-bus
system was investigated using improved particle swarm optimization (IPSO), with the aim
of minimizing voltage fluctuations and power losses, as well as minimizing overloads. In
this study, the objective function of the optimization problem was considered multi-criteria.
The purpose of the optimization was to determine the optimal reactance of the DTCSC in
the condition of line outage. A new load flow model for TCSC was proposed in [8]. The
proposed model was in the form of an admittance matrix dependent on the thyristor firing
angles, which was included in the load flow algorithm. The firing angles of the thyristor
were considered as mode variables of the load spreading formulation, which was combined
with the range and angle of the grid voltage. In [9], steady state modeling of the static var
compensator (SVC) and TCSC was presented, considering their control and limitations.
Constraint management and control modes were evaluated. The optimal installation lo-
cation of these devices were also determined and continuous load flow was provided to
evaluate the effect of these devices on the load capacity of the system. Analysis of the
special values of the maximum load point was used to rank the critical busses according
to their respective voltage profiles. Considering that the occurrence of any fault in the
power system not only causes a power outage in that area, but also creates problems in
adjacent areas, system protection is very important under such conditions. Therefore, when
considering compensation devices, methods for power system protection should also be
updated. In [10], a new transmission line fault analysis method was presented for the series
compensator of the transmission line equipped with TCSC. The presented two-step method
was developed with the help of discrete wavelet transform and implementation of the
Chebyshev neural network. In [11], the use of the SVC and TCSC in the power system were
presented using a brainstorming algorithm, with the aim of minimizing losses, voltage
fluctuations, and line overload. The purpose of optimization is to determine the optimal
location and settings of the used devices. In [12], optimal locations for SVCs and TCSCs
were determined to minimize system operating costs by voltage collapse proximity index
using the PSO. In [13], optimal allocation of TCSCs was developed to find the optimal
locations for these devices in a network, minimizing operating costs via a whale optimiza-
tion algorithm (WOA). In [14], a hybrid approach was presented for optimal allocation of
the TCSCs and static var compensators (SVCs) via a min cut algorithm and cuckoo search
algorithm (CSA). In [15], optimal allocation of a D-STATCOM distribution system was
performed with power loss minimization and voltage profile and stability improvement
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via a student psychology-based optimization (SPBO) algorithm. In [16], optimal place-
ment of a STATCOM compensator was developed using the PSO, to provide stability to
the system to minimize potential losses. In [17], the optimal allocation of the STATCOM
in power networks was studied using artificial intelligence techniques with the aim of
improving voltage security of the power system via the GA. In [18], optimal allocation of
the DTCSC was implemented to reduce losses in a distribution network and developed
by mixed-integer nonlinear programming (MINLP). In [19], mathematical programming
via a branch and bound (B&B) method was developed to find the location and size of the
TCSC in the power system to maximize loading, improve the network voltage profile, and
reduce losses. In [20], the placement and sizing of the TCSC were performed to minimize
transmission losses using whale optimization algorithm (WOA).

In this paper, optimal and multi-objective allocation of the DTCSC is proposed with
the aim of minimizing overload, voltage deviations, and power losses, as well as reducing
the energy not-supplied (ENS) to customers using an improved equilibrium optimization
algorithm (IEOA), considering line outages of the IEEE 14- and 118-bus power systems.
The traditional equilibrium optimization algorithm (EOA) [21] is inspired by the simple dy-
namic balance of mass with proper mixing in a control volume. In the EOA, the value of the
inertia weight is chosen as a constant, which is used as a nonlinear inertia weight reduction
strategy to improve EOA performance to prevent premature convergence and quickly reach
the global optimum. Multi-objective optimization based on weighted coefficients method
has been developed. The goal of the optimization problem is to determine the decision
variables, i.e., the optimal reactance of DTCSC in the power system lines, in such a way that
the objective function of the optimization problem is minimized, and the operating and
capacity constraints of the DTCSC are satisfied. In this study, the proposed methodology
was first implemented without considering reliability in the objective function. Then, the
effect of reliability as a part of the objective function was evaluated in how it improved
each of the considered objectives. In addition, the effectiveness of the IEOA in solving the
optimization problem has been compared with traditional EOA, PSO [22], and MRFO [23]
methods. Our results show the superiority of the proposed methodology in improving each
of the objectives considering reliability, compared with the EOA, PSO, and MRFO methods.

The main highlights of the paper are listed as follows:

• Optimal multi-objective allocation of the DTCSC in the power system, considering
overload, voltage deviations, and reliability;

• Evaluation of the system reliability based on energy not-supplied due to line outage;
• Using a new and improved equilibrium optimization algorithm to determine DTCSC

allocation;
• Achieving zero overload and ENS;
• Superior performance of the IEOA compared with the traditional EOA, PSO, and

MRFO methods.

In Section 2, the formulation of the optimization problem is presented, and in Section 3,
the proposed improved optimization algorithm and its implementation are explained. In
Section 4, simulation results for different scenarios are presented, and in Section 5, our
research findings are summarized.

2. Formulation of the Problem

Although conventional FACTS devices are technically accepted, their commercial
applications are limited for several reasons. High fault current and insulation requirements
stress the power electronics systems. High system power ratings entail the usage of
high power gate turn-off thyristors or gate commutated thyristors, which increases costs.
Moreover, power system reliability with conventional FACTS devices is not as high as
desired. To try to overcome these challenges, Distributed FACTS (D-FACTS) was proposed.
Figure 1 presents a distributed TCSC, in the conventional D-FACTS form, consisting
of a large number of modules wrapped around transmission line conductors. D-TCSC
offers many advantages over the conventional TCSC [5]. D-TCSCs are clamped onto the
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transmission line, which simplifies their installation. The D-TCSC uses three switches:
a capacitor, inductor, and single-turn transformer (STT), as shown in Figure 2. The STT
is designed with many secondary turns. The single-turn transformer (STT) is usually
bypassed by the electromechanical switch, which is normally closed. Opening SM allows
the injection of the desired impedance. Switch S1 is closed to inject total inductance, whereas
S2 is closed to inject capacitance. The D-TCSC controls the reactance of the line it is on,
thereby controlling the power flow. It is modeled as a variable reactance transformer [5].
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In this study, the DTCSC is used in a system line where reactance is considered a
decision vector in the optimization process. The optimization problem of the DTCSC is
defined as being multi-objective because it minimizes overloads in transmission lines,
voltage deviations, and power losses.

2.1. Objective Functions
2.1.1. Overload Management

The first objective function was overload (OL) management in lines; in other words,
the minimization of overloads in transmission lines. The corresponding metric value of
this objective function was defined as follows [5]:

OL =

√
∑i=Nl

i=1(Pi�Pimax)
(Pi − Pimax)

2 (1)

where Pi is the current power in the i-th line and Pimax represents the maximum power
that can be transmitted in the i-th line. By normalizing this value with the value before
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optimization (OLo), a better view is provided. Therefore, the first normalized objective
function is presented as follows:

OF1 =
OL
OL0

(2)

2.1.2. Voltage Deviation

The second objective function of the optimization problem was to minimize the
deviation of the network bus voltage from the desired value within an allowed range. In
the following equation, the voltage deviation of each bus has been calculated per unit [5,18]:

DEV = ∑i=Nl
i=1/∈PV buses DEVi (3)

DEVi =


0 ; 0.95 < Vi < 1.05

(1−Vi)
2 ; 0.9 ≤ Vi ≤ 0.95&1.05 ≤ Vi ≤ 1.1

inf ; Vi � 1.1orVi ≺ 0.9
(4)

where νi is the voltage of each system bus. The normalized value of the voltage deviation
of the network buses, with respect to DEV before the optimization, DEV0, was defined
as follows:

OF2 =
DEVi
DEV0

(5)

2.1.3. Loss Reduction

The third objective function of system loss reduction was considered and its normal-
ized value was expressed as:

OF3 =
Ploss
Ploss0

(6)

where Ploss0 represents the primary losses of the power system.

2.1.4. Reliability Improvement

One of the key indices of system reliability is the energy not-supplied (ENS) to cus-
tomers of the network, caused by line outages. When a load point is disconnected from the
main feeder due to the outage of the line connected to it, the loads connected to that load
point are not supplied. Thus, the total power demand of the loads that are not supplied
(over a period of time) due to outage of the network lines is called the ENS to the customers.
The objective is to minimize the ENS, which was defined as follows [24–27]:

ENS =

√√√√ Nt

∑
i=1(Pload 6=Pi)

Pi (7)

where Pi is the unsupplied load connected to the i-th bus and is proportional to the amount
of ENS in 24 h. As normalizing this value with the value before optimization, provides a
better view and division is done during normalization, the hour value and line outage time
were not included.

OF4 =
ENS
ENSo

(8)

2.2. Multi-Objective Optimization of the Problem

The method of weighting or using weight coefficients is used to solve multi-objective
optimization problems. By using the weighting method, a multi-objective problem becomes
a single-objective problem. In this way, weight is considered for each of the objective
functions, and the new objective function is the sum of the objective functions with its
corresponding weight values. In this study, the method of weight coefficients was used to
solve the multi-objective optimization problem [28–30].
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The objective function of the optimization problem included three objectives of over-
load, voltage deviations, and power losses, as follows:

OF = (OF1, OF2, OF3) (9)

To convert this multi-objective problem into a single-objective problem, the weighted
sum of each objective function is expressed as follows:

OF = K1OF1 + K2OF2 + K3OF3 (10)

where K1, K2, and K3 are weight coefficients of the objective function that must add up to a
unit. This is shown below:

|K1|+ |K2|+ |K3| = 1 (11)

The objective function of the optimization problem, including the four objectives of
overload, voltage deviations, power losses, and reliability, was considered as follows:

OF = (OF1, OF2, OF3, OF4) (12)

OF = K1OF1 + K2OF2 + K3OF3 + K4OF4 (13)

where K1, K2, K3, and K4 are weight coefficients of the objective function. Theymust satisfy
the following condition:

|K1|+ |K2|+ |K3|+ |K4| = 1 (14)

The value of weighted coefficients for Equations (11) and (14) were determined con-
sidering the most important objective, i.e., overload and its effect on other objectives,
especially reliability, using a trial-and-error method and repeated executions of optimiza-
tion for different sets of coefficients and evaluating the results to obtain the best set of
weighted coefficients. For Equation (11), K1, K2, and K3 were considered as 0.5, 0.3, and
0.2, respectively, and for Equation (14), K1, K2, K3, and K4 were set as 0.4, 0.2, 0.2, and 0.2,
respectively.

2.3. Constraints

The power balance equations in the network lines must be established. This is equiva-
lent to load distribution relations for all system buses [5,18].

Pgi − Pli = Vi

j=NB

∑
j=1

Vj
[
Bij sin(δi − δj) + Gij cos(δi − δj)

]
(15)

Qgi −Qli = Vi

j=NB

∑
j=1

Vj
[
Gij sin(δi − δj) + Bij cos(δi − δj)

]
(16)

where Pgi and Qgi are respectively the active and reactive power produced in the i-th bus
and Pli and Qli are the active and reactive loads in the i-th bus, respectively. Bij and Gij are
the real and imaginary parts of the admittance matrix of the network, respectively. δi and
δj are the bus voltage angle at bus i and j, respectively.

The value of the decision variable, which is the reactance of DTCSC, must have limited
values and cannot have any relation to the reactance of the line in which DTCSC is installed.
Therefore, the following inequality constraints must be satisfied [5]:

− 2XLi ≤ XDTCSCi ≤ 2XLi (17)

where XLi is the i-th line reactance before DTCSC installation and XDTCSCi is the i-th line
reactance after DTCSC installation.

DTCSC controls the reactance of the line in which it is installed, and thus, the load
flow. DTCSC is modeled in the form of a variable reactance transformer whose capacity
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value in each line is optimized using the IEOA, considering a multi-objective optimization
framework.

3. Proposed Optimization Approach
3.1. Introduction of EOA

The EOA is modeled using the simple dynamic equilibrium of mass with the right
combination in a control volume. The first-order differential equation describing the mass
equilibrium is presented in (18), according to which the changes in mass are equal to the
sum of the mass entering the system and the mass produced within it, minus the amount
of mass leaving the system [21]:

V
dc
dt

= QCeq −QC + G (18)

where C is the mass inside the control volume (V), VdC/dt is the amount of mass change
in the control volume, Q is the amount of inlet and outlet flow rate, Ceq is the equilibrium
mass, and G is the amount of mass produced among the control volume. Equation (18) can
be rewritten as follows [21]:

dc
λCeq − λC + G

V
= dt (19)

By integrating (19):

C = Ceq +
(
C0 − Ceq

)
F +

G
λV

(1− F) (20)

Therefore, based on (20), F is presented as follows [21]:

F = e[−λ(t−t0)] (21)

That is, t0 and C0 are the initial start time and mass.
In the EOA, a particle is equivalent to one solution, which is the mass of the same

particle position in the PSO.

3.1.1. Initializing and Calculating the Fitness

Raw masses are produced randomly in the search space by particle numbers and
dimensions with initialization:

C initial
i = Cmin + randi(Cmax − Cmin) i = 1, 2, . . . , n (22)

where Ci
initial is the initial mass vector corresponding to the i-th particle, Cmin and Cmax are

the lower and upper edge, respectively, randi denotes the random vector in the range [1, 0],
and n is the EOA population particle numbers. The value of the suitability function of each
particle was examined and after storage, equilibrium candidates were identified.

3.1.2. Balance Pool (Ceq)

In the EOA, the equilibrium state refers to the convergence condition of the algorithm,
which represents the global optimal. Initially, no equilibrium information was available,
and only equilibrium candidates were selected to achieve a particle search strategy. Four
candidates were considered to make the EOA method more explorable and their average
strengthened the operation phase. Equilibrium candidates were defined as equilibrium
pool vectors based on the following relation [21]:

→
Ceq,pool =

{→
Ceq(1),

→
Ceq(2),

→
Ceq(3),

→
Ceq(4),

→
Ceq(ave)

}
(23)
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In the EOA, in each iteration, each particle randomly updates itself from among the
candidates presented with a similar probability.

3.1.3. Exponential Expression (F)

The exponential expression (F) in the EOA strikes a balance between the exploration
and exploitation phases. Over time, the rate of return fluctuates in a real control volume, so
the value of λ is defined as a random vector in the range [1, 0]. Equation (21) is rewritten as
follows [21]:

→
F = e

−
→
λ (t−t0) (24)

The duration t in terms of repetition (Iter) is expressed as follows [29]:

t = (1− Iter
Max− iter

)
(a2

Iter
Max−iter )

(25)

That is, Iter and Max_iter refer to the number of present iterations and the maximum
number of EOA iterations; respectively. Parameter a2 is a fixed number and is used for EOA
usability. The following equation was presented to strengthen the convergence of the EOA
method and improve the capability of phases related to exploration and exploitation [21]:

→
t 0 =

1
→
λ

In(−a1sign((
→
r − 0.5)

[
1− e−

→
λ t
]
) + t (26)

where a1 is a constant value that is responsible for controlling the discovery of the algorithm.
Larger values of a1 improve exploration and reduce operating phase performance. On
the other hand, smaller values of a2 weaken exploration and improve exploitation. The
expression sign(r − 0.5) affects the direction of exploration and exploitation. r represents a
random vector in the range [1, 0]. In this study, a1 and a2 are selected as 2 and 1, respectively.

Using (24) and (26), the following equation can be derived [29]:

→
F = a1sign (

→
r − 0.5)

[
e−
→
λ t − 1

]
(27)

3.1.4. Production Rate (G)

Production rate is one of the important parameters in achieving an accurate solution
by improving the operation phase. The final set of production rate equations was expressed
as follows [21]:

→
F = a1 sign(

→
r − 0.5)

[
e−
→
λ t − 1

]
(28)

→
G =

→
G0 e−

→
λ (t−t0) =

→
G0
→
F (29)

→
G0 =

→
GCP

( →
Ceq −

→
λ
→
C
)

(30)

→
GCP =

{
0.5 r1 r2 ≥ GP
0 r2 ≺ GP

(31)

where G0 represents the initial value and k refers to the damping constant. r1 and r2 are
random numbers in the range [1, 0]. The GCP vector represents the production rate control
parameter and GP represents the production probability.

Therefore, the EOA update rule was defined based on the following relation [21]:

→
C =

→
Ceq +

(→
C −

→
Ceq

)
.
→
F +

→
G
→
λ V

(
1−

→
F
)

(32)
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where the first expression refers to the equilibrium mass and the second and third ex-
pressions refer to the mass changes. The role of the second expression is to achieve the
optimal value through global search. The task of the third phrase is to further strengthen
the exploration phase.

3.1.5. Particle Memory Storage

In the current iteration, the fitness value of particle is evaluated with respect to its
previous value, and if the value of the fitness function is better, it is rewritten. Therefore,
this strategy strengthens the operation phase and improves the performance of EOA in
trapping in local optimization [21].

3.2. Overview of IEOA

In solving the optimization problem, the amount of inertia weight is very effective. In
a situation where the inertia weight has a large number, the algorithm has a better capability
in global search. However, in a situation with a small inertia weight, the algorithm has
a better capability in local search. In the EOA, the value of the inertia weight in the
initialization was considered a fixed number of 1. Therefore, it was necessary to consider the
dynamics of inertial weight in strengthening its performance to reach the global optimum
faster and avoid premature convergence and get trapped in the local optimal. In the
optimization process of the EOA, the nonlinear inertia weight reduction strategy [31] was
used to improve convergence, as follows:

v(t) = vLower + (
1 + cos( π Iter

Max_iter )

2
)ε ×

(
vUpper −vLower

)
(33)

where vLower and vUpper are the lower and upper values of v, respectively. Here, ε = 10 [31].
By combining (26) and (27), the concentration update is given as follows:

→
C = v(t)

→
Ceq + (

→
C −

→
Ceq)

→
F +

→
G
→
λV

(1−
→
F )

→
C = (vLower + (

1+cos( π Iter
Max_iter )

2 )ε ×
(
vUpper −vLower

)
)
→

Ceq + (
→
C −

→
Ceq)

→
F +

→
G
→
λV

(1−
→
F )

3.3. IEOA Implementation

In this section, the steps of optimal and multi-objective allocation of the DTCSC in
the power system is presented, with the aim of minimizing overload, voltage deviations,
and power losses and improving reliability. First, a contingency ranking considering
overload values in different scenarios was implemented (item i means disconnection of line
i). According to this emergency rating, cases 1, 2, and 10 were the most severe scenarios. The
emergency contingency ranking determined that the line 9 outage was the most severe line
outage incident in the IEEE 118-bus system. The flowchart of the proposed methodology is
depicted in Figure 3.

Step (1) Identifying information of the studied system, including generators, trans-
formers, and lines and determining the parameters of the algorithm, including iteration
number and algorithm population.

Step (2) Load flow is performed and basic values of overload, voltage deviations,
power losses, and reliability are calculated without the connection of the DTCSC.

Step (3) Based on the algorithm population, the optimization variables (XDTCSC) are
randomly selected within its constraints.

Step (4) The value of the objective function is calculated for each set of variables selected
in the previous step and the member corresponding to the best objective function is determined.

Step (5) The population of the IEOA is updated based on Equation (32).
Step (6) The value of the objective function is calculated for the updated population.

If the best variable set has a better value than the previous one, the old value is updated
with the new set.
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Step (7) The population of the IEOA is updated based on Equation (35).
Step (8) The value of the objective function is calculated for the updated population

in step 7. If the best variable set has a better value than the previous one in terms of the
objective function, the old set is replaced with the new one.

Step (9) The conditions for achieving convergence (achieving the lowest value of
OF and implementing maximum iterations of IEOA) are checked, and if the convergence
conditions are established, go to step 10; otherwise, go to step 5.

Step (10) The optimal XDTCSC values are obtained.
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4. Simulation Results and Discussion

The IEEE standard 14- and 118-bus power systems were selected for the implemen-
tation of the proposed methodology. First, our proposed methodology was implemented
without considering the reliability index (ENS) in the objective function, and the perfor-
mance of the IEOA was compared with the traditional EOA, PSO, and MRFO methods.
Then, the problem was implemented considering the reliability of the objective function
using the proposed IEOA algorithm and we compared it with the case without reliability.

4.1. Results of 14-Bus System

The IEEE 14-bus power system shown in Figure 4 consists of five generators, twenty
branches, and three transformers. The demand for active power was 259 MW and reactive
power was 73.5 MW. The rated power and voltage for the 14-bus power system were
100 MVA and 69 kV, respectively. The 14-bus network data were obtained from Ref. [32]. The
parameters of each algorithm for solving the problem on the 14-bus system are presented
in Table 1. The values of the coefficients of the algorithms were identified by trial-and-error
and through simulations. The algorithm population was 100, the maximum number of
repetitions was selected as 200, and there were 20 independent executions of each algorithm.
In this system, lines 1, 2, and 10 were the most critical lines due to their outage probability
from overloading. In Table 2, three scenarios are presented based on the outage of lines
1, 2, and 10 of the 14-bus power system. The objective values including overload, voltage
deviations, and losses in the basic state of the system and without outage of the lines are
given in Table 3.
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Table 1. Parameters of different algorithms for solving the problem on 14-bus system.

Algorithm/
Parameter Variable Number Variables Limit Population

Number
Maximum
Iteration

Repetition
Number

IEOA System Lines −2XLi ≤ XLi ≤ +2XLi 100 200 20

EOA System Lines −2XLi ≤ XLi ≤ +2XLi 100 200 20

PSO System Lines −2XLi ≤ XLi ≤ +2XLi 100 200 20

MRFO System Lines −2XLi ≤ XLi ≤ +2XLi 100 200 20
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Table 2. Investigated scenarios for the 14-bus power system.

Scenario Line Outage Sending Bus Ending Bus

1 1 1 2

2 2 1 5

3 10 5 6

Table 3. The values of different objectives for base system without outage.

Tem Value

Ploss (MW) 13.39
DEV 0.0349
OL 55.84

4.1.1. Results of the First Scenario (Outage of Line One)

The convergence curves of different optimization methods in solving scenario one, are
shown in Figure 5. As can be seen, compared with the traditional EOA, PSO, and MRFO
methods, the proposed IEOA was able to achieve the lowest objective function value after
100 iterations, which indicates better performance of the IEOA over the other methods.
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Statistical analysis based on 30 independent executions of the proposed IEOA com-
pared with the EOA, PSO, and MRFO methods in terms of the mean, best, worst, and std
values of the objective function for optimal allocation of the DTCSC is presented in Table 4.
The objective function minimum values using the IEOA, EOA, PSO, and MRFO was 0.0320,
0.0429, 0.0437, and 0.0529, respectively. The IEOA achieved a lower best value compared
with the other methods, confirming its superior performance.

Table 4. Statistical analysis of the objective function using different methods in solving scenario one
for 14-bus system.

OF/Method IEOA EOA PSO MRFO

Mean 0.0401 0.0443 0.0451 0.0538

Std 0.018 0.02 0.022 0.028

Best 0.032 0.0429 0.0437 0.0529

Worst 0.0431 0.0478 0.0482 0.0551
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In Table 5, different values of the objectives belonging to the best solution for each
algorithm are listed. In the first column, the value of the objectives before optimization
under the outage of line one is given. The IEOA obtained better objective value compared
with other methods. The values of OL, DEV, and losses in scenario one, without optimal
allocation of the DTCSC, were found to be 2.1555, 0.0252, and 0.4197, respectively. Using
the IEOA, EOA, PSO, and MRFO methods, the values of OL were 0, 0.0069, 0.0263, and
0.0433, respectively; the values of DEV were 0.0021, 0.0021, 0.0024, and 0.0022, respectively;
and the values of losses were 0.0148, 0.0341, 0.0190, and 0.0331, respectively. The results
obtained from the different methods validated the superior performance of the IEOA in
achieving lower OL, DEV, and losses for scenario one. As a result, the IEOA obtained lower
values fpr OF1, OF2, OF3, and OF compared with the other methods.

Table 5. The results of different objectives using different methods in solving scenario one for 14-bus
system.

OF/Method Base System IEOA EOA PSO MRFO

OL 2.1555 0 0.0069 0.0263 0.0433

DEV 0.0252 0.0021 0.0021 0.0024 0.0022

Ploss (MW) 0.4197 0.0148 0.0341 0.019 0.0331

OF1 - 0 0.0032 0.0122 0.0201

OF2 - 0.0832 0.0843 0.0953 0.0902

OF3 - 0.0352 0.0814 0.0453 0.0789

OF 1 0.032 0.0429 0.0437 0.0529

The reactance values of each of the DTCSCs installed on the 14-bus power system are
shown in Figure 6. The best solution obtained from the different algorithms is presented in
Figure 6. As line number one was out of service, the DTCSC was not installed there. The
program did not consider DTCSC for some lines.
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4.1.2. Results of the Second Scenario (Outage of Line Two)

The convergence curve of different algorithms to solve scenario two is shown in
Figure 7. Similar to the above case study, IEOA converged to the lowest objective function
value, which indicated the effectiveness of this method in solving the problem.

In Table 6, a statistical analysis is performed based on 20 independent executions of
the program for different methods, and the values of the objective function in terms of the
mean, best, worst, and std values are presented. The IEOA obtained the lowest best value
compared with other methods, showing its effectiveness.
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Table 6. Statistical analysis of the objective function using different methods in solving scenario two
for 14-bus system.

OF/Method IEOA EOA PSO MRFO

Mean 0.0517 0.0546 0.0596 0.0573

Std 0.029 0.027 0.032 0.037

Best 0.0458 0.0505 0.0588 0.0597

Worst 0.0537 0.0562 0.0626 0.0541

In Table 7, the value of the objective using different methods was given, considering
the line two outage. The IEOA method led to greater improvement in each of the objectives
than the EOA, PSO, and MRFO methods. In scenario two, the objectives of OL, DEV, and
loss without the DTCSC were obtained as 2.1555, 0.0252, and 0.4197, respectively. After
DTCSC optimization based on IEOA, EOA, PSO, and MRFO methods, the value of OL
was equal to zero for all methods; values of DEV were 0.0021, 0.0022, 0.0032, and 0.0021,
respectively; and amounts of loss were 0.0245, 0.0285, 0.0258, and 0.0398, respectively. The
superior performance of IEOA was confirmed in its lower values of OL, DEV, and losses for
scenario two, compared with the other methods. The optimal value of DTCSC reactance for
scenario two, determined for installation in lines of the 14-bus power system by different
methods, is shown in Figure 8.

Table 7. Results of different objectives using different methods in solving scenario two for 14-bus system.

OF/Method Base System IEOA EOA PSO MRFO

OL 2.1555 0 0 0 0

DEV 0.0252 0.0021 0.0022 0.0032 0.0021

Ploss (MW) 0.4197 0.0245 0.0285 0.0258 0.0398

OF1 - 0 0 0 0

OF2 - 0.0748 0.078 0.114 0.0728

OF3 - 0.1171 0.1357 0.1229 0.1859

OF 1 0.0458 0.0505 0.0588 0.0597
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4.1.3. Results of the Third Scenario (Outage of Line 10)

The convergence profiles of the different algorithms used to solve scenario three are
demonstrated in Figure 9. The superiority of the IEOA in achieving the lowest objective
function value is confirmed in comparison with the other algorithms.
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To assess the superiority of the IEOA over the EOA, PSO, and MRFO methods, a
statistical analysis is presented considering the mean, best, worst, and std criteria, as
listed in Table 8. According to Table 8, the IEOA obtained a better solution than the other
algorithms. The values of the best solutions by IEOA, EOA, PSO, and MRFO were 0.0624,
0.0875, 0.0971, and 0.1076, respectively.

Table 8. Statistical analysis of the objective function using different methods in solving scenario three
for 14-bus system.

OF/Method IEOA EOA PSO MRFO

Mean 0.0659 0.0886 0.0983 0.1087

Std 0.032 0.028 0.035 0.038

Best 0.0624 0.0875 0.0971 0.1076

Worst 0.0784 0.0892 0.1048 0.1102
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The numerical results related to solving scenario three are presented in Table 9. The
IEOA reduced the overload value to 0 and obtained a lower objective function value by
making compromises between different objectives. In scenario three, using the IEOA, EOA,
PSO, and MRFO methods, the values of the OL were 0, 0, 0.0617, and 0.0764, respectively;
values of DEV were 0.0021, 0.0038, 0.0022, and 0.0022, respectively; and values of losses were
0.0379, 0.0478, 0.0359, and 0.0337, respectively. The numerical results reveal the robustness
of the IEOA in enhancing compromise of the objectives compared with other methods.

Table 9. The results of different objectives using different methods in solving scenario three for 14-bus
system.

OF/Method Base System IEOA EOA PSO MRFO

OL 2.1555 0 0 0.0617 0.0764

DEV 0.0252 0.0021 0.0038 0.0022 0.0022

Ploss (MW) 0.4197 0.0379 0.0478 0.0359 0.0377

OF1 - 0 0 0.0728 0.0971

OF2 - 0.0564 0.1001 0.0587 0.0573

OF3 - 0.2274 0.2877 0.2155 0.2266

OF 1 0.0624 0.0875 0.0971 0.1076

The optimal reactance values of the DTCSC using IEOA, EOA, PSO, and MRFO
methods for this scenario in 14-bus system lines are depicted in Figure 10. The IEOA,
by optimizing the reactance of DTCSC, improved network performance and eliminated
overload.
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Figure 10. Optimal size of DTCSC using different algorithms in solving scenario three for 14-bus system.

4.2. Results of the 118-Bus System

In this section, the effectiveness of the proposed methodology was implemented on
a large and interconnected power system: the IEEE 118-bus system [32]. According to
Figure 11, the 118-bus system has 186 lines, 54 PV generator buses, and 132 load buses.
Moreover, 14 installed parallel admittances provided a total of 4242 MW and 1438 MVAr of
active and reactive power, respectively. The rated power and voltage for 118-bus power
system were 100 MVA and 138 kV, respectively. By examining line outage, line nine was
determined to be the most critical network line. The effect of the most critical line outage,
line number nine, is examined in this section. The values of parameter coefficients from the
different algorithms are given in Table 10. As the number of system lines was 186 branches,
the algorithm had to determine 186 optimal values for DTCSC reactance. Due to the high
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volume of decision variables and complexity of the problem with 186 variables, the number
of search particles was set at 1000.

Energies 2022, 15, x FOR PEER REVIEW 18 of 27 
 

 

branches, the algorithm had to determine 186 optimal values for DTCSC reactance. Due 
to the high volume of decision variables and complexity of the problem with 186 variables, 
the number of search particles was set at 1000 . 

 
Figure 11. Schematic of IEEE 118-bus system. 

Table 10. Parameters of different algorithms for solving the problem on the 118-bus system. 

Algorithm/Parameter Variable Number Variables Limit Population Number Maximum Iteration Repetition 
Number 

IEOA System Lines 2 2Li Li LiX X X− ≤ ≤ +  1000 200 20 
EOA System Lines 2 2Li Li LiX X X− ≤ ≤ +  1000 200 20 
PSO System Lines 2 2Li Li LiX X X− ≤ ≤ +  1000 200 20 

MRFO System Lines 2 2Li Li LiX X X− ≤ ≤ +  1000 200 20 

In the 118-bus system, with the outage of line nine, the most overloads were imposed 
on network lines. In Table 11, different values of the objective function are presented with-
out and with the outage of line nine. With the outage of line nine, the power loss of the 
system increased, and the voltage deviation of the network buses also increased. In addi-
tion, the overload on the system lines without DTCSC increased from 0 in the base case 
(without line nine outage) to 78.46 MW (with line nine outage). 

Table 11. Different objective values in the 118-bus system for base system and with line nine out-
age. 

OF/Scenario Base System Outage of Line Nine 
Ploss (MW) 1.3286 2.0557 

DEV 0.0087 0.0126 
OL 0 0.7846 

The optimal and multi-objective DTCSC allocation was conducted using the pro-
posed IEOA and the EOA, PSO, and MRFO methods for the 118-bus system. The 

Figure 11. Schematic of IEEE 118-bus system.

Table 10. Parameters of different algorithms for solving the problem on the 118-bus system.

Algorithm/
Parameter Variable Number Variables Limit Population

Number
Maximum
Iteration

Repetition
Number

IEOA System Lines −2XLi ≤ XLi ≤ +2XLi 1000 200 20

EOA System Lines −2XLi ≤ XLi ≤ +2XLi 1000 200 20

PSO System Lines −2XLi ≤ XLi ≤ +2XLi 1000 200 20

MRFO System Lines −2XLi ≤ XLi ≤ +2XLi 1000 200 20

In the 118-bus system, with the outage of line nine, the most overloads were imposed
on network lines. In Table 11, different values of the objective function are presented
without and with the outage of line nine. With the outage of line nine, the power loss of
the system increased, and the voltage deviation of the network buses also increased. In
addition, the overload on the system lines without DTCSC increased from 0 in the base
case (without line nine outage) to 78.46 MW (with line nine outage).

Table 11. Different objective values in the 118-bus system for base system and with line nine outage.

OF/Scenario Base System Outage of Line Nine

Ploss (MW) 1.3286 2.0557

DEV 0.0087 0.0126

OL 0 0.7846

The optimal and multi-objective DTCSC allocation was conducted using the proposed
IEOA and the EOA, PSO, and MRFO methods for the 118-bus system. The convergence
curves of the IEOA, EOA, PSO, and MRFO methods are shown in Figure 12. The IEOA
achieved the lowest value of the objective function with a higher convergence speed.
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Statistical analysis was conducted with 30 independent implementations for the IEOA,
then compared with the EOA, PSO, and MRFO methods in terms of the mean, best, worst,
and std values of the objective function. As listed in Table 12, the IEOA method obtained
the lowest best value, compared with the other methods.

Table 12. Statistic analysis of the objective function using different methods for 118-bus system.

OF/Method IEOA EOA PSO MRFO

Mean 0.0659 0.0886 0.0983 0.1087

Std 0.032 0.028 0.035 0.038

Best 0.1448 0.2088 0.2437 0.2592

Worst 0.0784 0.0892 0.1048 0.1102

The results of the multi-objective allocation of the DTCSC in the 118- bus system using
the IEOA, EOA, PSO, and MRFO methods are presented in Table 13. The results revealed
that the IEOA converges to a lower value of the objective function. The values of OL, DEV,
and losses without optimal DTCSC were 0.7846, 0.0126, and 2.0557, respectively. Using
IEOA, EOA, PSO, and MRFO methods, the values of OL became 0.0387, 0.0216, 0, and
0.0449, respectively; values of DEV were 0.0041, 0.0049, 0.0032, and 0.0055, respectively; and
the amounts of losses were 0.2326, 0.8065, 1.7222, and 1.02516, respectively. The obtained
results indicated better performance of the IEOA in achieving lower OL, DEV, and losses
compared with the EOA, PSO, and MRFO methods. Therefore, the IEOA obtained lower
values of OF1, OF2, OF3, and OF compared with the other methods. The optimal reactance
values of DTCSC installed on the lines of the 118-bus system based on the IEOA method
are given in Table 14.

Table 13. Results of different objectives using different methods for 118-bus system and scenario one.

Objective Function Base System IEOA EOA PSO MRFO

OL 0.7846 0.0387 0.0216 0 0.0449

DEV 0.0126 0.0041 0.0049 0.0032 0.0055

Ploss (MW) 2.0557 0.2326 0.8065 1.7222 1.0251

OF1 - 0.0493 0.0275 0 0.0572

OF2 - 0.3254 0.3888 0.2539 0.4365

OF3 - 0.1113 0.3923 0.8377 0.4986

OF 1 0.1448 0.2088 0.2437 0.2592
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Table 14. Optimal size of DTCSC using the IEOA in solving scenario one for 118-bus system.

Branch XDTCSC Branch XDTCSC Branch XDTCSC Branch XDTCSC

1 −0.0409 48 −0.1578 95 −0.0059 142 0.0362
2 0.06081 49 −0.0323 96 −0.1326 143 −0.1369
3 0.01022 50 0.00285 97 −0.0588 144 0.04021
4 0.08757 51 0.02402 98 0.04087 145 −0.0942
5 0.05599 52 0.21074 99 −0.0372 146 −0.135
6 −0.0325 53 0.20872 100 0.29028 147 −0.0314
7 0.00285 54 −0.1017 101 −0.0585 148 0.3237
8 −0.0129 55 −0.0187 102 0.00425 149 −0.0427
9 −0.0201 56 −0.0276 103 0.17284 150 0.13505
10 0.00461 57 −0.0026 104 0.00368 151 0.08896
11 0.136 58 −0.0126 105 −0.2023 152 −0.1877
12 0.02225 59 0.33347 106 −0.0781 153 0.00196
13 0.00768 60 −0.2914 107 −0.0271 154 0.11603
14 0.25069 61 0.12221 108 −0.0012 155 −0.0072
15 −0.0296 62 0.19492 109 0.29777 156 0.10101
16 −0.0977 63 0.24846 110 0.06551 157 0.15156
17 0.12479 64 0.09243 111 −0.1118 158 −0.006
18 0.0558 65 −0.0027 112 −0.0382 159 0.09702
19 0.28409 66 0.15141 113 0.04494 160 0.16449
20 0.16266 67 0.39759 114 0.10479 161 0.07149
21 −0.0247 68 −0.0816 115 −0.0766 162 −0.2113
22 −0.2298 69 −0.0161 116 0.13859 163 0.05529
23 0.03803 70 0.04364 117 0.03338 164 0.1502
24 −0.0307 71 0.00927 118 −0.0041 165 −0.0653
25 0.22736 72 −0.0867 119 −0.0063 166 0.31964
26 0.02386 73 0.2186 120 −0.0562 167 0.458
27 0.1362 74 −0.1082 121 0.02288 168 0.01671
28 −0.1238 75 −0.1633 122 0.0155 169 −0.0499
29 −0.0688 76 −0.3448 123 −0.035 170 0.16234
30 0.00184 77 0.08263 124 −0.1825 171 −0.06
31 0.01152 78 0.0185 125 0.08603 172 0.28423
32 0.02321 79 0.02369 126 0.03244 173 −0.0359
33 −0.0929 80 −0.0251 127 −0.0695 174 −0.2714
34 0.13048 81 −0.1351 128 −0.1313 175 0.05373
35 0.14286 82 −0.1634 129 0.01859 176 0.11113
36 −0.0166 83 −0.133 130 −0.0621 177 0.00536
37 0.04151 84 0.37442 131 −0.0242 178 0.02964
38 0.11898 85 0.14479 132 −0.0959 179 −0.129
39 0.23832 86 0.07913 133 −0.0281 180 0.02407
40 0.04366 87 −0.1401 134 0.0052 181 0.11211
41 −0.0722 88 −0.0492 135 0.0961 182 −0.0151
42 −0.1223 89 −0.009 136 0.18478 183 0.0047
43 0.08456 90 0.00715 137 −0.1409 184 −0.1099
44 −0.1338 91 0.07332 138 −0.1373 185 −0.0212
45 0.49372 92 −0.012 139 0.05682 186 0.01484
46 −0.0179 93 −0.0414 140 −0.0588
47 −0.0899 94 0.01813 141 −0.0146

4.3. The Effect of Considering Reliability

In this section, the multi-objective allocation of the DTCSC in the 14- and 118-bus
power systems is presented with the aim of minimizing overload, voltage deviations,
power losses, and ENS by considering the effect of reliability in conditions of system line
outages. The convergence curves of the DTCSC multi-objective allocation using the IEOA,
considering reliability for a 14-bus power system for the three scenarios, are presented in
Figure 13. The numerical results for the three different scenarios of the 14-bus system and
the one scenario of the 118-bus system are presented in Tables 15–18. By adding reliability
to the objective function, we observed that the overload of the lines was reduced to zero
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in the 14- and 118-bus power system and all network loads were fed and no load was left
without energy supply; in other words, ENS reached zero.
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Table 15. Results of different objectives using IEOA for 14-bus system with and without reliability
(scenario one).

OF/Mode Without Reliability With Reliability

OL 0 0

DEV 0.0021 0.00217

Ploss (MW) 0.0148 0.0184

ENS 125.1095 0

OF1 0 0

OF2 0.0832 0.0861

OF3 0.0352 0.0439

OF4 – 0

OF 0.032 0.026

Table 16. The results of different objectives using IEOA for 14-bus system with and without reliability
(scenario two).

OF/Mode Without Reliability With Reliability

OL 0 0

DEV 0.0021 0.002

Ploss (MW) 0.0245 0.0322

ENS 176.9657 0

OF1 0 0

OF2 0.0748 0.0728

OF3 0.1171 0.1537

OF4 – 0

OF 0.0458 0.0453
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Table 17. Results of different objectives using IEOA for 14-bus system with and without reliability
(scenario three).

OF/Mode Without Reliability With Reliability

OL 0 0

DEV 0.0021 0.0045

Ploss (MW) 0.0379 0.0304

ENS 223.0515 0

OF1 0 0

OF2 0.0564 0.116

OF3 0.2274 0.1824

OF4 – 0

OF 0.0624 0.0596

Table 18. Results of different objectives using IEOA for 118-bus system with and without reliability.

OF/Mode Without Reliability With Reliability

OL 0.0387 0

DEV 0.0041 0.001

Ploss (MW) 0.2326 0.4585

ENS 28 0

OF1 0.0493 0

OF2 0.3254 0.0817

OF3 0.1131 0.223

OF4 – 0

OF 0.1448 0.0609

4.4. Effect of Load Demand Variations

In this section, we evaluate the effect of load demand variations (75 and 125% of
nominal load) on solving the problem. The obtained IEOA results for the 14-bus system
(scenario one) and 118-bus system are presented in Tables 19 and 20, respectively. The re-
sults showed that, in the conditions of decreasing and increasing load demand, the amount
of overload was zero. In addition, the load demand was fully met in this situation. In other
words, the proposed methodology, even under conditions of increased load, resulted in
the elimination of overload and a sufficient supply for system load demand, considering
reliability as a part of the objective function. In addition, the results demonstrated that with
an increase in load, the amount of losses and voltage deviations increased, and vice versa.

4.5. Effect of DTCSC Reactance Minimization (RM)

In this section, the numerical results of adding DTCSC reactance minimization to the
overall objective function of the system, along with reliability, for 14- (scenario one) and
118-base systems using the IEOA method are given in Tables 21 and 22, respectively. The
results showed that considering minimization of the DTCSC reactance reduced the injection
of reactive power into the system, as the amount of power losses and voltage deviations in
this state was slightly higher than when not considering DTCSC reactance minimization.
On the other hand, the results showed that considering the reliability in these conditions
also led to the removal of overload and having full supply for the system demand.
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Table 19. Results of load demand variation for 14-bus system (scenario one) using IEOA.

OF/Mode 75% Demand 100% Demand 125% Demand

OL 0 0 0

DEV 0.00213 0.00217 0.0023

Ploss (MW) 0.0101 0.0184 0.0424

ENS 0 0 0

OF1 0 0 0

OF2 0.055 0.0861 0.0912

OF3 0.024 0.0439 0.1007

OF4 0 0 0

OF 0.0222 0.026 0.0382

Table 20. Results of load demand variation for 118-bus system (scenario one) using IEOA.

OF/Mode 75% Demand 100% Demand 125% Demand

OL 0 0 0

DEV 0.0009 0.001 0.0011

Ploss (MW) 0.2561 0.4585 0.9857

ENS 0 0 0

OF1 0 0 0

OF2 0.0514 0.01028 0.0817 0.0863

OF3 0.1293 0.223 0.4083

OF4 0 0 0

OF 0.0361 0.0609 0.0989

Table 21. Results of DTCSC reactance minimization (RM) for 14-bus system (scenario one) using IEOA.

OF/Mode Without RM With RM

OL 0 0

DEV 0.00217 0.00231

Ploss (MW) 0.0184 0.0219

ENS 0 0

OF1 0 0

OF2 0.0861 0.0918

OF3 0.0439 0.0522

OF4 0 0

OF 0.026 0.0288

Table 22. Results of DTCSC reactance’s minimization (RM) for 118-bus system (scenario one) using IEOA.

OF/Mode Without RM With RM

OL 0 0

DEV 0.001 0.001

Ploss (MW) 0.4585 0.5593

ENS 0 0

OF1 0 0

OF2 0.0817 0.0819

OF3 0.223 0.272

OF4 0 0

OF 0.0609 0.0707



Energies 2022, 15, 7478 23 of 25

4.6. Comparison with Previous Studies

The study carried out in this paper was based on the multi-objective allocation of the
DTCSC in 14- and 118-bus power systems with the aim of minimizing overload, voltage
deviations, power losses, and ENS under line outage, compared with results published in [5].
In [5], the allocation of DTCSC in the 14- and 118-bus systems was performed to minimize the
overload, voltage deviations, and power losses with enhanced leader PSO (ELPSO) algorithms,
galaxy-based search algorithm (GBSA), invasive weed optimization (IWO), and PSO.

Reliability assessment was not considered in [5]. In this paper, reliability was consid-
ered as part of the objective function and a new improved meta-heuristic algorithm was
used to solve the optimization problem.

In Tables 23–26, the IEOA performance in solving different scenarios related to the
14- and 118- bus systems is compared with results from Ref. [5]. This comparison showed
that methodology based on the IEOA showed better ability in achieving lower values of
overload, voltage deviations, and power losses. In addition, by considering reliability, the
value of overload and energy supplied to customers reached zero. Therefore, the proposed
methodology based on the IEOA was shown to be superior compared with the ELPSO,
PSO, and GBSA methods used in Ref. [5].

Table 23. Results of different objectives using different methods for scenario one for 14-bus system.

OF/Method Base Case IEOA (without Reliability) IEOA (with Reliability) GBSA [5] PSO [5] ELPSO [5]

OL 2.1555 0 0 0.3578 0.0315 0.0229

DEV 0.0252 0.0021 0.00217 0.0013 2.06 × 104 9.09 × 104

Ploss (MW) 0.4197 0.0148 0.0184 0.1234 0.0557 0.0623

ENS 285.32 125.1095 0 – – –

OF – 0.032 0.026 0.2063 0.0428 0.0394

Table 24. Results of different objectives using different methods for scenario two for 14-bus system.

OF/Mehtod Base Case IEOA (without Reliability) IEOA (with Reliability) IWO [5] PSO [5] ELPSO [5]

OL 2.1555 0 0 0.0512 0.016 0.025

DEV 0.0252 0.0021 0.0021 0.0021 5.63 × 104 2.11 × 104

Ploss (MW) 0.4197 0.0245 0.0322 0.0835 0.0513 0.0456

ENS 285.32 176.9657 0 – – –

OF – 0.0458 0.0453 0.162 0.0724 0.0638

Table 25. Results of different objectives using different methods for scenario three for 14-bus system.

Objective Function Base Case IEOA (without Reliability) IEOA (with Reliability) IWO [5] PSO [5] ELPSO [5]

OL 2.1555 0 0 0.0322 0.1479 0.1724

DEV 0.0252 0.0021 0.0045 0.012 0.002 0

Ploss (MW) 0.4197 0.0379 0.0304 0.0819 0.0998 0.0811

ENS 285.32 223.0515 0 – – –

OF – 0.0624 0.0596 0.3073 0.3672 0.077

Table 26. The results of different objectives using IEOA for 118-bus system.

OF/Mehtod Base Case IEOA (without Reliability) IEOA (with Reliability) IWO [5] PSO [5] ELPSO [5]

OL 0.7846 0.0387 0 2.7125 2.0819 1.5885

DEV 0.0126 0.0041 0.001 0.0022 0 0

Ploss (MW) 2.0557 0.2326 0.4585 1.6033 1.6251 1.452
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Table 26. Cont.

OF/Mehtod Base Case IEOA (without Reliability) IEOA (with Reliability) IWO [5] PSO [5] ELPSO [5]

ENS 113.46 28 0 – – –

OF – 0.1448 0.0609 0.4846 0.3662 0.2921

5. Conclusions

In this paper, the optimal and multi-objective allocation of the DTCSC for minimizing
overload, voltage deviations, power losses, and ENS was performed based on the improved
equilibrium optimization algorithm (IEOA), incorporating reliability and power system
line outage in different scenarios. The decision variables included DTCSC reactance in the
power system lines. The proposed methodology was implemented on 14- and 118-bus
power systems and performed without and with reliability in different scenarios of line
outage. The capability of the IEOA method in solving the optimization problem without
reliability was compared with the traditional EOA, PSO, and MRFO methods. The results
showed that the optimal and multi-objective allocation of the DTCSC in 14- and 118-bus
power systems minimized overload, voltage deviations, and power losses. Compared
with other methods, the IEOA achieved better objectives in different scenarios. Moreover,
the results showed that considering reliability had a significant effect on system overload,
such that the amount of overload and ENS in all scenarios reached zero. The obtained
results demonstrated that, with an increase in the load demand, the amount of losses
and voltage deviations increased, and vice versa. Moreover, the findings showed that
considering minimization of the DTCSC reactance resulted in slightly higher losses and
voltage deviations. The results of demand variations and DTCSC reactance minimization
demonstrated that considering reliability led to the elimination of overload and a full
supply for the system demand. In addition, the comparison of the IEOA methodology
with previous studies attested to the superiority of the presented methodology in terms of
achieving the highest improvement in each of the objectives of the problem. We suggest
implementing multi-objective allocation of the DTCSCs in power systems to improve the
power quality indices for future work.
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