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ABSTRACT

In this paper, the challenges of determining the optimal location and size of the flexible alternating current transmission systems (FACTS) devices on the transmission
system are solved. The FACTS devices are placed and sized optimally using three optimizations: genetic algorithm, simulated annealing, and flower pollination
algorithm (FPA). Three FACTS devices, capacitor, Static VAR Compensator (SVC), and static synchronous compensator (STATCOM), are determined for two parameters:
location and size to solve the multi-objective problem. The simulation results are analyzed to find the best optimization and FACTS device to improve the voltage
profile and simultaneously lower the active power loss of the system. To investigate its effectiveness, the proposed approach was tested using two test systems,
Pakistan's transmission network and IEEE 30 bus. Conducted in three cases for the real system data, the first case being the base case with a 50% uniformly increase in
both active and reactive power of the load bus voltage, the second case with a 50% increase in only the active power, and the third case with a 50% increase in reactive
power. The comparison of this optimization has shown that FPA performed better than the other algorithm and with the fastest convergence rate. The simulation
results demonstrate that STATCOM was effective to minimize the losses while enhancing the voltage profile. Also, the Wilcoxon test is applied to confirm the efficiency
of the STATCOM device.

Index Terms—Flexible alternating current transmission systems device, load voltage deviation, metaheuristic optimization, total power loss, voltage stability.

I. INTRODUCTION

The electrical power sector has grown rapidly as a result of an increase in electrical power users
and technological improvements. Because of the restructuring and deregulation of the energy
supply market, the load demand on the transmission network rises, eventually leading to volt-
age collapse, bringing electric power transmission closer to its stability limits. These difficulties
severely affect the system in numerous ways, such as overloading the transmission lines to oper-
ate beyond their loading limits. Designing and constructing new power plants or expanding the
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Because most existing power transmission networks are alternating current (AC) grids, the flex-
ible AC transmission systems (FACTS) device has provided an alternative approach to the power
system, ensuring that it runs within its boundaries while requiring no major changes to the
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sion line flow, and results in increased load capacity, operation, delivery, and production [4-6].

Due to the benefits and advantages that FACTS provide, placing it in the wrong location is of no

By NG benefit to the power system but rather increases the cost of production; therefore, there is a need
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The trend of research in the last decade about FACTS devices is using
various types of heuristic approaches to determine the size and loca-
tion as discussed: Kavitha and Neela [7] study effort revealed the
ideal arrangement of two FACTS devices static VAR compensator
(SVQ) and thyristor controlled series capacitor (TCSC). The number of
FACTS devices, their placement, kind, and rating are all determined
using particle swarm optimization (PSO), weight Improved particle
swarm optimization (WIPSO), and biogeography-based optimiza-
tion (BBO) approaches with the goal of improving line loadings and
load voltage variations. In [8], the author used the PSO algorithm
to place the device on IEEE 14-bus network. Fast voltage stability
index and voltage collapse proximity index were used to determine
the weak lines and buses for the optimal location of the devices to
improve the voltage profile and increase real power transfer.

Bujal et al. [9] compared the performance of the gravitational search
algorithm and its improved type for the placement and sizing of
Distributed Generations (DG) impact on voltage stability margin,
power loss minimization, minimum bus voltage, and total harmonic
distortion on IEEE 64 system. For reactive power dispatch with loss
and voltage deviation minimization, as the objective functions, an
Artificial Bee Colony (ABC) algorithm technique was suggested in
[10], which was expressed as a constrained optimization problem
tested on IEEE 30 and 57 bus systems. Belati et al. [11] provide a
method for improving the voltage profile while decreasing active
power losses on the 118-test system. To discover the optimal loca-
tion of SVC, the problem is presented as a mixed-integer nonlinear
programming problem utilizing an optimal power flow. Various load
levels and time periods are considered. The authors [12] assessed the
voltage stability of the IEEE 39-bus test system using the Artificial
Intelligence (Al) approach. In contrast to other indices, the authors
[13]introduced the power system voltage stability index, which pro-
vides good performance and high accuracy in identifying voltage
instability under various conditions, particularly in the real operation
of the power system. Useful hybrid techniques, such as gradient-
based and moth-flame algorithm in reference [14] are used to find
the optimal location and size of TCSC, thyristor controlled phase
shifter (TCPS), and SVC devices. The implementation was done on
two bus systems, IEEE 14 bus and IEEE 30 using moth flame optimi-
zation (MFO) and JAYA blended MFO with the consideration of the
installation cost [15].

Based on the literature review, all the methodologies are imple-
mented on only IEEE standard data, and only few researches used
more than two metaheuristic approaches for placing the FACTS
devices which lacks sufficient accuracy and precision under different
operation conditions and different loads. Another shortcoming of
the literature is that there is no statistical analysis for the accuracy of
the results. This study examines and determines the best placements
and sizes for three FACTS devices [capacitor, SVC, and static synchro-
nous compensator (STATCOM)] in order to increase the loadability
limits of both the real power system and IEEE standard system while
enhancing the voltage profile and decreasing real power losses. It
does this by satisfying a number of physical and operational con-
straints, including generation and load balance, bus voltage limits,
and active and reactive power limits, using three different heuristic
optimization techniques. All the power flow simulation and optimi-
zation algorithm were done by using MATLAB software and with the
MATPOWER package. A 132 kV transmission line of Peshawar Electric
Supply Company (PESCO) in Pakistan is applied as a case study and
to demonstrate and compare the efficiency of the methodology IEEE

30 bus system is used. This study uses a single-place FACTS device
approach.

Following is an overview of the paper’s main contributions:

« Providing a practical and theoretical comparison between simu-
lated annealing (SA), genetic algorithm (GA) and flower pollina-
tion algorithm (FPA), which aims to determine the solution quality
and efficiency in terms of computational time, while keeping a
high degree of accuracy.

« Proposing an optimization approach based on three metaheuris-
tics (GA, SA, and FPA) methods that work best for each FACTS
device based on its characteristics for optimal sizing and place-
ment in transmission network for various loading conditions and
different network configurations.

- Determining an accurate solution for the best location and size of
all the FACTS devices to solve the research objective function.

« Applying the proposed methodology on two test cases: real sys-
tem data (Pakistan transmission system) and standard IEEE data
(IEEE 30 bus) with objectives of minimizing voltage deviation and
system real power loss.

- Present a well-known Wilcoxon signed rank statistical test of the
FACTS controllers.

After the introduction, further contents of the paper are organized as
follows: Modeling of the FACTS device is the second section, and the
problem formulation is the third section. All metaheuristic optimi-
zation techniques were covered in the fourth section. The fifth part
will discuss the simulation results and discussion and the Wilcoxon
signed-rank test is discussed in the sixth section. The final section is
conclusions.

Il. MODELLING OF FACTS DEVICES

Because of their advantages, all of the FACTS devices used in
this research are shunt-connected. These devices work as reac-
tive power compensators, reducing system losses while boosting
power transfer capability and improving static and transient stabil-
ity [16].

A.SVC

As shown in Fig. 1, SVC is a shunt-connected device that comprises
thyristor-controlled reactor (TCR) in parallel with a bank of capacitors
that generate and absorb reactive power. It helps regulate the bus

node n v,
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Fig. 1. (A) SVC, (B) STATCOM, and (C) shunt capacitor. It represents
the model of the FACTS devices used in this paper. The first one is
SVC, followed by STATCOM and the last is the shunt capacitor that is
connected to node n. FACTS, flexible alternating current transmission
systems.
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voltage by compensating for the change of reactive power. From the
figure, the current and reactive power by the SVC, which is also the
reactive power supplied to bus n, is

Isve = jBsvcVi ()

Qsvc =Q, =V Bsyc @

B. Static Synchronous Compensator

Fig. 1 presents a STATCOM, which works on the idea of a voltage
source converter linked to the bus [17]. This device is used to con-
trol the voltage magnitude, reactive power injection and power flow,
apparent power or current regulation, and voltage injection to the
attached bus [18].

C. Shunt Capacitor

In transmission systems, shunt capacitors are utilized for reactive
compensation, decreasing power loss, improving the voltage profile,
and improving power flow [19]. The size of the capacitor at node nin
Fig. 1 can be calculated as:

Qc =Vl 3)
I1l. PROBLEM FORMULATION

Two fitness functions are used to express the problem to be solved:
load voltage deviation and real power loss minimization. These fit-
ness functions are optimized as a mono-objective function which is
described later:

A. Objective Function

All the two-problem formulation will be performed individually as a
mono-objective function minimization to be tested on the IEEE stan-
dard and real system transmission data with three different FACTS
device using three metaheuristic algorithms while considering the
equality and inequality constraints which is explained later:

1) Load Voltage Deviation (LVD)

The bus voltage deviation is affected by an increase in load in the
electrical power system. The difference between the nominal and
actual voltage is known as voltage deviation. LVD is used to minimize
the value of the load voltage bus, which is defined later [7]:

LVD = Z[ fo ]

Where V/* is the nominal voltage of 1 p.u., V, represents the actual
voltage magnitude at the load bus while n is the total number of
load buses.

k=12,..n (4)

2) Total Active Power Loss
The transmission network’s active power loss is described as
follows [10]:

Pross = Zg:/

where i and j are the indices from bus to bus, g is the conductance
of transmission, N is the total number of feeders, V is the voltage
magnitude of busior j, and & is the angle of busiorj.

—2VV; cos(8; - §; )} (5)
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B. System Constraints
There are two types of constraints related to this problem: equality
and inequality constraints, which are stated as follows:

1) Equality Constraints
The equality constraints are the power flow equation calculated
using the Newton-Raphson method. This is made up of the calcula-
tions of real and reactive power in each bus to determine the magni-
tude and phase angle.

N
P, :PD,-+ZV,-Vj (G,-j cos(8; —38;)+B; sin(8,~78j)) (6)

j=

N
Qi =Qor + Y _ViV;(Gysin(8 ~8;) ~B; cos (8, ~5;)) (7)

=

where N is the total number of buses, P;; and Qg represent the
active and reactive power generated at bus i, Py; and Qp; are the
active and reactive power load demand at bus i. V}V; are the volt-
ages at bus iand j. G; and B; are the real and imaginary part of an
element (i j) of the bus admittance matrix.

2) Inequality Constraints
The following are the constraints:

Q2" <Qq <Q&™; i=12,3,..Ng 8)
Vi<V, <V, i=12,3,..Npq )
S, <SM; 1=1,2,3..,N, (10)
VI <V SV i=1,2,..Npy (11)
tn <ty <t i=12,.,Nr (12)
QM <Q <QI i=12,..Nc (13)
POin < P < PO i=12,.Npy, (14)
3" <8 <5 i=12,.,N (15)
P; <Pl i=12,.N, (16)

where V; represent the bus voltage, Qg; is the reactive power of
generator buses, ™ is the maximum apparent power flow in line
. Npg,Ng, and N, represent the number of load buses, generator
buses, and transmission line. N¢ is the number of compensating
devices, Nr is the number of transformers, V;; is the voltage at gen-
erator bus i, P;; and Qg represent the real and reactive power of
generator at bus i, t; is the tap ratio of the transformer, §; is the
voltage angle difference between busiand j P; shows the power
flow in a line connected between bus iand j.

IV. METAHEURISTIC OPTIMIZATION TECHNIQUES

A. Genetic Algorithm

GA is a metaheuristic optimization developed by John Holland [20].
The concept of this stochastic global search method is to mimic the
principles of natural genetics. The analysis for the devices, shunt
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capacitor, SVC, and STATCOM are done separately, and their results
are compared later. The working principles are made up of three
parameters: selection, crossover, and mutation rate applied at each
iteration. The steps involved in the implementation of the GA are as
follows:

1) Initialization

GA implementation begins with an optimization problem repre-
sented by an initial randomly generated population. The popula-
tion consists of large individual configurations based on the FACTS
device and is encoded in two parameters: location and size. The
FACTS devices must be placed at the load buses and not the genera-
tor buses.

2) Fitness Function

This is derived based on the objective function in (4) and (5), which
measures each individual’s performance of the current population to
minimize the active power loss and maintain the bus voltages closer
to their allowable limit. However, the objective function indepen-
dently checks the performance of a particular set of genes. A high
fitness value indicates the greater quality of the solution according
to this expression:

F(x)

1

:1+f(u (7)

)

where F(x) is the fitness function and f(u) is the objective function.

3) Selection

The Roulette wheel method is chosen during the selection stage. It
is based on the stochastic method, used to determine the number
of individuals selected for reproduction based on the fittest survival
principle from the fitness function. This selection method works by
allocating segments to individuals of the population based on the
proportion of the individual's relative fitness scores. After successive
spinning of the wheel, parents will be selected based on the prob-
ability of the individual fitness:

O
> ¥n)

where N is the size of the population and F(x) is the fitness func-
tion. Producing of the population for the next generation is taken
from two chromosomes with the highest fitness.

P i=12,.,N (18)

4) Crossover

After selecting the two chromosomes, the next stage is the cross-
over operation. Due to the large population, a two-point crossover is
used. Only two points on the parent chromosome are selected with
this method, and the other points are exchanged. This new chro-
mosome shares the same characteristics of both parents’ genetic
material.

5) Mutation

To generate the offspring, only one parent is required in this stage.
The substitution operation method was used as the mutation opera-
tor to change one random position of the chromosome and replace
the corresponding gene, with a probability of the mutation being:

1
P, = 19
T\/I— =
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where T is the total generation number and / is the chromosome
length.

6) Termination Criteria
The algorithm finally stops after the termination condition is
achieved, displaying the best location and size of the FACTS device.

B. Flower Pollination Algorithm

FPA is a metaheuristic optimization whose techniques is based
on nature phenomena. It was developed by Xin-She Yang in 2012
inspired by the pollination process of flowering plants [21-23]. The
idea was based on pollination, which occurs in flowering plants
with the transfer of pollens. They are of two types [24], self-polli-
nation and cross-pollination. Self-pollination represents 10% of all
flowering plants where the pollens are transferred from the same
flowering plant or from another flower on the same plant and cross-
pollination takes 90% of flowering plants where the pollen is trans-
ferred from one plant to another by a pollinator, such as an insect,
wind, etc.

This algorithm makes use of four rules for its working principles [24]:

Rule 1: Cross-pollination is regarded as the algorithm’s Levy flight
satisfying global search procedure that obeys Levy flight.

Rule 2: The algorithm’s local search function is caused by
self-pollination.

Rule 3: Flower constancy, the likelihood of flower reproduction is
proportional to how closely the two flowers that are being polli-
nated resemble one another.

Rule 4: Global and local search is controlled by switch probability
between 0 and 1.

These rules are formulated into mathematical equation for global
optimization. Each plant has a single flower with pollens, but each
pollen is a potential solution to the objective function.

Equation (20) represents the global search and flower constancy by
combining both rules 1 and 3:
I =S{+yL(2)(6"-S}) (20)
G* is the current best position where the global optimal solution is
located. The S| indicating the solution vector at the t-th iteration,
L is the step size derived from the Lévy flight distribution that cor-

responds to the strength of the pollination which is calculated using
(21), and 1y, is the step size scaling factor which is 0.1.

AT (A)sin(nr/2) 1

Zm 4

L: (272,>0) (21)

n
where T() is the standard gamma function of A =1.5[21] and v
indicates the step size by using (22)

n
z=—",

40

w(0,6*)v:N(0,7) (22)

where p and v are random number subject to Gauss distribution. p is
the distribution with the mean zero variance of 62 The parameter ¢
is calculated as [21].
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(23)

L | raeay SO

° = 1+1 )
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Rules 2 and 3 are combined as the local search pollination expressed
in [21]. FPA's convergence is improved by this operator.

NERINTES

S =i +5(S) - Sk) (24)

where S} and Si are random generated values, and ¢ is a value in
uniform distribution between 0 and 1. The last FPA rule is switch
probability. This percentage influences whether the pollination
selection is made using local or global search [21]. For the local best
operator, the probability coefficient (P) is equal to .8, while it is equal
to .2 for the global best operator.

1) FPAImplementation

With this optimization, to minimize the power losses and enhanced
the voltage deviation of the system, the flower is considered as the
control variable, namely the locations and size of the FACTS devices.
The fitness of the flower is determined by the objective function dur-
ing the load flow which displays the locations and size of the devices
that comes with the minimized losses and voltage deviations.

The implementation of this algorithm is as follows:

Step 1: Initialize the parameters such as the iteration number t, initial
population size N, switch probability of flower pollination P=.8, and
Levy’s flight step size.

Step 2: Initialize the population.

Step 3: Compute the objective functions using (4) and (5).

Step 4: The best solution is identified in the initial population as g*.
Step 5: Begin iteration by setting t=1.

Step 6: Cross-pollination activity is carried out if rand > p; else, self-
pollination is carried out.

Step 7: The step size L is computed using (21), and a new solution is
obtained with (20)

Step 8: Draw evenly from the distribution and select solutions j and k
at random from the population instead of i. Use (24) to create a new
solution for i.

Step 9: A new solution for the objective function is computed, and
replaces the old solution in step 3 if is better than that if not repeat
steps 3 to 9 foralli.

Step 10: Verify termination criterion.
Step 11: Display the result (location and size).

C.Simulated Annealing

SA, a metaheuristic optimization method, was proposed in 1953 [25]
as a modified Monte Carlo integral method. Later, it was general-
ized by Kirkpatrick, Gelatt, and Vecchi in 1983 as an algorithm that
uses temperature as its controlled parameter [26]. This optimization

method uses an annealing process, a metallurgical procedure of
heating a metal to a high temperature until it melts. It cools gradu-
ally by reducing the temperature in stages to gain the desired shape,
thus minimizing the system energy since this optimization method
aims to get the best metallic crystal. SA comprises two stochastic
processes: that is, generation and acceptance of the solution.

The optimal solution is acquired in SA through random search and
iteration methods. The purpose of this work is to determine the best
location and size for FACTS devices on the buses to minimize real
power loss and keep the voltage within acceptable limits. To apply
the algorithm, these steps will be followed:

1. First, we configured the FACTS devices with these parameters:
the location and size since the algorithm will be run separately
for each device and compare the results.

2. Aninitial random solution and a high value of temperature are
generated.

3. New solution points are generated randomly near the current
point.

4. Implement the objective function in (4) and (5). The algorithm
compares the new solution’s objective function against the
present solution’s objective function. If the new solution’s objec-
tive function is lower than the existing solution, it is accepted
and becomes our next solution; if it is higher, the algorithm
will accept it based on this probability of acceptance, which is
compared to a randomly generated number between 0 and
1.P=e™¥*  AJ= where the new objective — old objective,
k represents the Boltzmann's constant, and T as the current
temperature. The next solution is accepted when the random
number is less than P with this probability.

5. Methods of cooling: The algorithm lowers the cooling control
parameteras Ty,; = aT,, where a is the temperature decrement
factor 0<a <1.The temperature has to be slowly controlled to
generate a better solution and faster convergence.

6. Stopping criteria. The algorithm stops after it is satisfied with the
objective function of locating and sizing the FACTS devices.

V. SIMULATION RESULTS AND DISCUSSION

In order to implement all the metaheuristic approaches to analysis
for its effectiveness, a real system and IEEE standard bus system are
used as the test case to find the optimal location and sizing of the
capacitor, SVC, and STATCOM. Single-type FACTS device allocation
methodology will be used in this research, where all the proposed
GA, FPA, and SA algorithms will be run separately for each FACTS
device and the results are compared to determine the best optimi-
zation that works perfectly for them. Then based on those results, a
conclusion will be drawn on the FACTS device that was effective to
get the lowest real power loss minimization and reduces the volt-
age deviation as well. The control parameters of the optimization
techniques used in this study are shown in Table I. The load flow
analysis and optimization programming were performed with the
use of MATPOWER toolbox package [27] using the Newton-Raphson
method in the MATLAB software.

The simulation will be performed on 132 kV transmission line of
PESCO and IEEE 30 bus system which is discussed later.

A. IEEE 30 Bus System
This bus system consists of 6 generator buses, 30 buses, 24 load buses,
4 transformers, and 41 transmission lines given in the MATPOWER
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TABLE I. CONTROL PARAMETERS OF GA, FPA, AND SA

Name of the Parameter GA FPA SA
Population size (n) 50 30 —
Maximum generation 200 — —
Crossover probability (Pc) 0.8 — —

Mutation probability 0.02 — —

Type of selection Roulette wheel — —

Type of crossover Two-point — —
Maximum number of iteration 300 300 300
Switching probability (P) — 0.8 —
Scaling parameter (y) 0.1

Initial point — — 0
Initial temperature — — 100
Reanneal interval — — 50

FPA, flower pollination algorithm; GA, genetic algorithm; SA, simulated
annealing.

toolbox [27]. With a total generation capacity of 191.6 MW and 100.4
MVAr, the total load connected is 189.2 MW and 107.2 MVAr.

1) Comparison of Results for Voltage Profile Inprovement

As shown in Table I, all the details of the optimization techniques
used for the placement of the FACTS devices are listed there. Focusing
on minimizing the bus voltage deviation, the STATCOM device had
the lowest reductions compared to the capacitor and SVC with the
use of FPA techniques from the based case of 0.0138 p.u. to 0.0068
p.u. as shown in Fig. 2.

2) Comparison of Results for Total Active Power Loss

From Table Il, all the various optimization techniques successfully
reduced the real power losses of all the FACTS devices. Without the
placement of the FACTS devices, the losses were 2.444 MW but with
the use of the shunt capacitor connected to bus 10, FPA had the

lowest reduction of 2.1700 MW while placing SVC at bus 6 with a
reactive power of 43 MVAr with FPA techniques had P, of 1.8521
MW. As shown in Fig. 3, with all the FACTS, STATCOM had the lowest
active loss when connected to the optimal location using all three
techniques with the FPA technique being the best with 1.58483 MW.

Comparing the performance of all the algorithms, Fig. 4 Fig. 5 Fig. 6
display the convergence characteristics of all the algorithms applied
on all the devices; in all cases, FPA convergences faster with fewer
iterations to reach an optimum value, followed by the GA.SA always
displayed the worst convergence speed.

B. PESCO Bus Systems

To assess the suggested methods for installing the FACTS device to
prevent voltage collapse, the data and parameters used in this study
are acquired from Pakistan. Due to the large network in the coun-
try, we focus on the part of the 132 kV transmission line of PESCO
and not all. PESCO provides electricity to Peshawar, Mardan, Bannu,
Malakand, Dera Ismail Khan, Hazara, and Kohat civil divisions. PESCO
had a transmission loss of 386 GWh on the 132 kV line, and it is pro-
jected to increase every year; as a result, there is a need to research
how to make the voltage stable. The 132 kV PESCO bus network is a
real system data consisting of 3 generators, 39 buses, 50 branches,
and 15 loads, as shown in Fig. 7. With a total generation capacity of
264.2 MW and 201.1 MVAr, total load connected is 283.4 MW and
126.6 MVAr.

The load power will be increased uniformly at each load bus to
assess the variation of load conditions and its effects on the trans-
mission line. This simulation is divided into three categories for ease
of understanding: case 1 is the base load scenario, case 2 is the load
active power increment, and case 3 is the load reactive power incre-
ment. Each case will have a load increase of 50%, which is discussed
later:

C. Comparison of Results for Voltage Profile Improvement

The goal is to enhance the voltage profile, decrease the load volt-
age variation, as shown by the objective function in (4), and maintain
the load bus voltage within the nominal voltage range. All detailed
simulations performed are listed in Table Il to Table VI. Showing the
optimization of each device on a graph will be a lot, so due to sim-
plicity, in each graph, the effective optimization is selected for the
capacitor, SVC, and STATCOM for comparison.

TABLE II. RESULTS AND COMPARISONS OF FACTS DEVICE USING GA, SA, AND FPA OF THE IEEE BUS SYSTEM

Base Case
Capacitor SvC STATCOM

Base GA SA FPA SA FPA GA SA FPA
Location 17 9 10 6 6 26 28 26
Size 87.325 99.858 88.014 43514 50.214 43.021 37.241 43.012 30.774
V. (p.u) 0.9606 0.9664 0.9660 0.9664 0.9679 0.9608 0.9677 0.9679 0.9701 0.9679
V. (pu) 1 1 1 1 1.0125 1 1 1.0318 1.0051 1
LVD (p.u) 0.0138 00115 00116 00111 0.0097 0.0099 0.0096 0.0072 0.0075 0.0068
Pross (MW) 2444 21731 2.1848 2.1690 1.8624 1.8801 1.8521 1.6216 1.589 1.5848

FACTS, flexible alternating current transmission systems; FPA, flower pollination algorithm; GA, genetic algorithm; SA, simulated annealing.
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Fig. 2. Voltage profile comparison of IEEE 30 Bus system. All three devices (capacitor, SVC, STATCOM) are compared for the voltage profile of the
bus system. The FPA algorithm was used for the plot because it was effective when compared to the GA and SA. FPA, flower pollination algorithm;

GA, genetic algorithm; SA, simulated annealing.
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Fig. 3. Active power loss of IEEE 30 bus system. Reducing the active power loss of the 30-bus system, capacitor, SVC, and STATCOM devices were
used. Each device's location and size were determined using three optimizations (GA, SA, and FPA). In this plot, FPA algorithm was plotted
because it was effective as compared to the others. FPA, flower pollination algorithm; GA, genetic algorithm; SA, simulated annealing.
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Fig. 4. Convergence curve of P, for the capacitor. To analyze the
performance of each algorithm by using a capacitor, the convergence
curve is plotted when used for the minimization of the real power
losses on the IEEE 30 bus system.

Fig. 5. Convergence curve of P for the SVC. To analyze the
performance of each algorithm by using SVC, the convergence
curve is plotted when used for the minimization of the real power
losses on the IEEE 30 bus system.
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Fig. 6. Convergence curve of P for the STATCOM. To analyze the
performance of each algorithm by using STATCOM, the convergence
curve is plotted when used for the minimization of the real power
losses on the IEEE 30 bus system.

1) Case 1 (Base Case)

This is the same as the test case. Table Ill shows the detailed solu-
tion of the algorithm with the use of GA, SA, and FPA algorithms for
the placement of capacitor, SVC, and STATCOM. Using a single-type
FACTS device, the graph in Fig. 8 shows the relation of the device
compared to the base case; the capacitor reduces the voltage devia-
tion from 0.148 to 0.1152, and SVC further reduced it to 0.0137 with
both using FPA optimization. STATCOM, connected in shunt with
bus 15, drastically reduced it to 0.0082 at each load bus within the
acceptable voltage magnitude of 0.95 to 1.05 p.u.

Both active and reactive power of the load bus were uniformly
increased to 50% to examine the effects of load increase on the
power system. As presented in Table IV, after the load flow, the
voltage deviation is 0.45222 with V. of 0.8264 and 1 V.. In
Fig. 9, injecting a reactive power of 360.066 kVAR to bus 8 using a
capacitor reduces the voltage deviation to 0.2223 but with a V_,
of 0.8868. The SVC regulated the voltage at 0.05003 on bus 24,
but all bus voltage was not within the acceptable range. 80 MVAr
was injected to bus 29 by STATCOM with a minimum voltage mag-
nitude of 0.95 and V,,, of 1.0215 to boost the voltage profile to
0.0172 p.u.
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Fig. 7. 132 kV Peshawar Electric Supply Company (PESCO) transmission line. The transmission line of 132 kV PESCO is shown in this figure. This
transmission line is just a portion of the whole network used in this research for the analysis of voltage stability with the primary focus on loss
reduction and voltage enhancement on the buses.

TABLE I1l. RESULTS AND COMPARISONS OF FACTS DEVICE USING GA, SA, AND FPA OF THE TEST SYSTEM

Base Case
Capacitor SvC STATCOM
Base GA SA FPA GA SA FPA GA SA FPA
Location 29 30 24 10 20 24 15 29 15
Size 301.074 310.928 300.372 83456 88.799 82.982 66.113 72.502 66.634
Vo (pu) 0.900 0.9138 0.9107 0.9145 0.9439 0.9402 0.9439 0.9753 0.9549 0.9585
V. (p.u) 1 1 1 1 1.0195 1.0169 1.0196 1.0424 1.0239 1.0193
LVD (p.u.) 0.148 0.1168 0.1214 0.1152 0.013725 0.0185 0.0137 0.0089 0.0107 0.0082
Pross (MW) 11.216 10.359 10.548 9.8015 9.68057 9.7834 8.854 8.0022 6.2095 5.6963

FACTS, flexible alternating current transmission systems; FPA, flower pollination algorithm; GA, genetic algorithm; SA, simulated annealing.
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TABLE IV. RESULTS AND COMPARISONS OF FACTS DEVICE USING GA, SA, AND FPA OF THE TEST SYSTEM (50% LOAD INCREASE)

Base Case (50%)
Capacitor SsvC STATCOM
Base GA SA FPA GA SA FPA GA SA FPA
Location 20 24 8 24 29 24 29 29 29
Size 364.354 370.185 360.066 107.124 110.689 107.109 82.656 84.561 80.009
Vo (pu) 0.8264 0.8861 0.8692 0.8868 0.8997 0.8934 0.9025 0.91605 0.9153 0.9500
Vo (pu) 1 1 1 1 1.03798 1 1.0213 1.01994 1.0151 1.0215
LVD (p.u) 045222 0.22416 0.25080 0.2223 0.06496 0.16212 0.05003 0.03212 0.0341 0.0172
Pross (MW) 44.1204 372102 34.2188 28.9428 21.6062 21.6062 21.5091 19.7022 19.0017 18.9033

FACTS, flexible alternating current transmission systems; FPA, flower pollination algorithm; GA, genetic algorithm; SA, simulated annealing.
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Fig. 8. \oltage profile comparison of base case. For the comparison of all bus's voltage magnitude deviation, GA, SA, and FPA was applied on all
three FACTS devices for its optimal location and sizing. This plot only displays the method that was effective to enhance the deviation which was
FPA in all devices when analyzing the base case. FACTS, flexible alternating current transmission systems; FPA, flower pollination algorithm; GA,

genetic algorithm; SA, simulated annealing.
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Fig. 9. Voltage profile comparison of 50% load increase. All three devices (capacitor, SVC, and STATCOM) are compared for the voltage profile of each
bus in this transmission system when both real and reactive power load is increased to 50% of the base case. The FPA algorithm was used for the plot
because it was effective when compared to the GA and SA. FPA, flower pollination algorithm; GA, genetic algorithm; SA, simulated annealing.
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TABLE V. RESULTS AND COMPARISONS OF FACTS DEVICE USING GA, SA, AND FPA OF THE TEST SYSTEM (50% P, 1, INCREASE)

P,,.q Increase (50%)

Capacitor SsvcC STATCOM

Base GA SA FPA GA SA FPA GA SA FPA
Location 35 20 24 8 35 24 29 24 29
Size 394.825 399.2324 390.729 112.301 117437 113.713 85.610 100.701 83.996
V. (p.u) 0.8695 0.8946 0.9101 0.9187 0.9241 0.9199 0.9241 0.9403 0.9397 0.9501
V. (pu) 1 1 1 1 1.0042 1.000 1.0054 1.0264 1.0538 1.0147
LVD (p.u.) 0.2609 0.1541 0.1279 0.1091 0.038707 0.07314 0.03558 0.017 0.0193 0.0134
Pross (MW) 344215 28.577 26.39672 26.0021 19.4849 16.7485 16.571 155326 15.0326 13.7553

2) Case 2 (P, Increase) and all buses were within their permissible limit that is between 0.95

In this case, only the real power of all the load bus in the base case
is increased. It is increased to 50% uniformly with an LVD of 0.2609
p.u., as shown in the 8th row of Table V. Visibly shown in Fig. 10, the
FPA optimization technique placed the STATCOM at bus 29 to gener-
ate a reactive power of 83.996 MVAr, thereby reducing the voltage
deviation drastically to 0.0134 p.u. with V_, of 0.9501 p.u.and V,__,
of 1.0147 p.u. followed by SVC with 0.03558 p.u. and 0.1091 p.u. for
the capacitor.

3) Case 3 (Q,,,, Increase)

Performing the load flow analysis after increasing the reactive power
of all the load bus by 50%, the tabulated results are displayed in
Table VI with an LVD of 0.286085 p.u.; with the placement of the
FACTS device, each device was able to improve the voltage devia-
tion. However, from the graph in Fig. 11, placing STATCOM at bus 29
injected a reactive power of 81.410 MVAr with the use of FPA opti-
mization yielded a better result at a voltage deviation of 0.0151 p.u.,

p.u.and 1.05 p.u.

D. Comparison With Solutions for Total Active Power Loss

In this part, the system’s load voltage is increased, and a simulation
is run for the base case and after the shunt-connected FACTS devices
are installed to examine the Total Power Losses solely.

1) Case 1 (Base Case)

After the load flow, before the placement of the FACTS device, the
total active loss is 11.216 MW in Table IIl. After the placement of
the FACTS device, all optimization technique is plotted as shown in
Fig. 12. With the shunt capacitor and SVC in the base case, FPA opti-
mization effectively reduced the total active loss with a smaller size
than the other optimizations. However, this reduction was not the
minimum, although SVC was better than the shunt capacitor, with
the excellent work of the STATCOM in improving the voltage profile,
it also reduces the total active power loss to 5.6963 MW when it is
placed at bus 15 with the help of the FPA algorithm.
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Fig. 10. Voltage profile comparison of 50% P, ., increase. All three devices (capacitor, SVC, and STATCOM) are compared for the voltage profile of
each bus in this transmission system when only the real power load is increased to 50% of the base case. This plot only displays the method that
was effective to enhance the deviation which was FPA in all devices when analyzing the base case. FPA, flower pollination algorithm.
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TABLE VI. RESULTS AND COMPARISONS OF FACTS DEVICE USING GA, SA, AND FPA OF THE TEST SYSTEM (50% Q,,,,, INCREASE)

Q,,.q Increase (50%)

Capacitor SsvC STATCOM

Base GA SA FPA GA SA FPA GA SA FPA
Location 15 8 29 20 8 24 29 21 29
Size 203.489 208.971 201.032 106.5425 108.689 106.115 85.263 90.023 81.410
V. (p.u) 0.860206 0.87606 0.86792 0.8779 09177 0.91427 0.9181 0.9344 0.930551 0.9500
V.., (pu) 1 1 1 1 1 1 1.0210 1.03488 1013138 1.0300
LVD (p.u.) 0.286085 0.23491 0.2618 0.23326 0.0466 0.0568 0.034 0.02252 0.0226 0.0151
Pross (MW) 17.10405 15421 15.379 15.0071 14.9879 14.9159 13.818 13.7498 12.68075 10.731

1.05 T T T T T T T
|— & —BASE CASE —#— CAPACITOR —&8— SVC —&— STATCOM |

1+ ;T -
2
o
w
[a)
=
5 B
G 095+ E
e
=
1] G-
2
5
O
> 09t | -

o- 6_I
0.85 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40

BUS NUMBER

Fig. 11. Voltage profile comparison of 50% Q,.,, increase. All three devices (capacitor, SVC, and STATCOM) are compared for the voltage profile
of each bus in this transmission system when only the reactive power load is increased to 50% of the base case. This plot only displays the method
that was effective to enhance the deviation which was FPA in all devices when analyzing the base case. FPA, flower pollination algorithm.
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Fig. 12. Active power loss of base case. All three devices (capacitor, SVC, and STATCOM) are compared for the real power minimization in this
transmission system of the base case. This plot only displays the method that was effective to minimize the power loss which was FPA in all
devices when analyzing the base case.
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Fig. 13. Active power loss of 50% load increase. All three devices (capacitor, SVC, and STATCOM) are compared for the real power minimization
in this transmission system when both real and reactive power load is increased to 50% of the base case. This plot only displays the method that
was effective to enhance the deviation which was FPA in all devices when analyzing the base case. FPA, flower pollination algorithm.

As shown in Table IV, uniformly increasing both the real and reac-
tive power of the load power to 50%, the loss was 44.1204 MW
before the FACTS placement. After the placement of the capaci-
tor at bus 8 using FPA, the loss was reduced to 28.9428 MW, but
SVC placed at bus 24 further reduces it to 21.5091 MW with FPA.
Comparing the work of STATCOM and SVC in Fig. 13, the reduction
was not all that wide when 80 MVAr was injected to bus 29 with
P,,.. of 18.9033MW.

loss
2) Case 2 (P,,,,Increase)
Only the load voltage’s real power is increased to 50% of the base

case, resulting in a total active power loss of 34.422 MW before the

FACTS device is installed in Table V. After the placement of the device
is shown in Fig. 14, there was a reduction of 8.4199 MW by placing
the shunt capacitor at bus 24 and generating 113.713 MVAr at bus 24
with SVC reducing it from 34.4215 MW to 16.571 MW. With the char-
acteristics of STATCOM used to increase the system capability, the
losses were minimum at 13.7553 MW, and FPA ran all FACTS devices
with the minimum losses.

3) Case 3 (Q,,,, Increase)

From Fig. 15, one could notice an increase in reactive power only on
all load buses, which less influences the active power loss minimiza-
tion.With a 50% increase in reactive power shown in Table VI, without
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Fig 14. Active power loss of 50% P,

loa

s increase. All three devices (capacitor, SVC, and STATCOM) are compared for the real power minimization in
this transmission system when only the real power load is increased to 50% of the base case. This plot only displays the method that was effective
to enhance the deviation which was FPA in all devices when analyzing the base case.
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Fig. 15. Active power loss of 50% Q,, increase. All three devices (capacitor, SVC, and STATCOM) are compared for the real power minimization
in this transmission system when only the reactive power load is increased to 50% of the base case. This plot only displays the method that was
effective to enhance the deviation which was FPA in all devices when analyzing the base case. FPA, flower pollination algorithm.
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the placement of the FACTS device, the active loss was 17.10405 MW.
After installation, the capacitor’s losses are reduced by 15.00 MW, the
SVC's losses are reduced by 13.818 MW, and the STATCOM's losses
are reduced by 10.731 MW.

VI. WILCOXON SIGNED-RANK TEST

This test compares two sets of data using a non-parametric statisti-
cal hypothesis test. The benefit of this test is that the information
need not be usually distributed [28]. The tests efficiently compute
the difference between paired data and look at this difference to
see if it is statistically significant. It is used to contrast an alternative
hypothesis with the null hypothesis, especially the assumption that
one group often has higher values than the other, which is defined
in (25) [29]:

Ho p=ppo (25)
Hitp#po

where pis the base case bus voltages and p, is the bus voltage
after the placement of FACTS devices, with the level of signifi-
cance (o) to be at 5% (0.05). The Wilcoxon signed-rank sum test
probability is determined after placement of the FACTS devices
with the use of the three-heuristic algorithm. Table VII TABLE
VIl Table IX shows the probability (P) of the statistical Wilcoxon
rank sum test for the PESCO bus system. From all the tables,
the P-values of the FACTS devices are less than .05, so the null
hypothesis is rejected. But STATCOM was having the smallest in
each case, this is a strong evidence that by installing STATCOM,
the voltages of the system are improved when compared to the
original system. Therefore, it can be concluded that the results are
statistically significant.

TABLE VII. WILCOXON TEST PROBABILITY FOR THE BASE CASE

Case 1
Capacitor SvC STATCOM
P 3.2166e-07 2.7118e-07 24770e-07

TABLE VIII. WILCOXON TEST PROBABILITY FOR THE LOAD ACTIVE POWER

INCREMENT
Case 2
Capacitor SsvcC STATCOM
P 2.9491e-07 2.6092e-07 2.4770e-07

TABLE IX. WILCOXON TEST PROBABILITY FOR THE LOAD REACTIVE POWER

INCREMENT
Case 3
Capacitor SvC STATCOM
P 3.2566e-07 2.7527e-07 2.4770e-07
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VIl. CONCLUSION

In this paper, the shunt capacitor, SVC, and STATCOM devices were
analyzed simultaneously to improve the voltage profile and mini-
mize the total active power loss using the metaheuristic optimi-
zation (GA, SA, and FPA) approach for its placement and optimal
sizing under various loading conditions. The proposed approach
was tested on two test cases: PESCO 132 kV transmission system
(Pakistan) with a consideration of load variation and IEEE 30 bus
system where only the based case was considered to prove the
effectiveness and validity of the proposed algorithm. The compari-
sons of the tabulated results obtained prove that in all cases, the
proposed FPA algorithm performed better in both test system to
enhance the voltage profile and minimizes the active power losses.
However, SVC performed better than using a capacitor; but the
use of STATCOM was more effective due to its better performance
and faster response in maintaining the bus voltage magnitude and
improving the system losses. The convergence curves of the IEEE
system further support the superiority of the FPA algorithm over
the other algorithms due to its faster convergence rate with fewer
iterations.

Similarly, the total active power loss was minimal in all cases when
the FPA was applied for optimization with the use of SVC and capaci-
tor but STATCOM had the minimum real power losses. In conclu-
sion, the results show that STATCOM has more control to enhance
the voltage profile and minimization of the total active power loss
using the FPA algorithm. The efficiency of the STATCOM device over
the SVC and capacitor is proved through the statistical Wilcoxon test,
even for various load variations.

Applications of the proposed approach on large-scale transmission
power systems and series FACTS controllers are the future scope of
this work.
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