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ABSTRACT: Several optimization methods, such as Particle Swarm Optimization (PSO) and Genetic Algorithm
(GA), are used to select the most suitable Static Synchronous Compensator (STATCOM) technology for the optimal
operation of the power system, as well as to determine its optimal location and size to minimize power losses. An
IEEE 14 bus system, integrating three wind turbines based on Squirrel Cage Induction Generators (SCIGs), is used to
test the applicability of the proposed algorithms. The results demonstrate that these algorithms are capable of selecting
the most appropriate technology while optimally sizing and locating the STATCOM to reduce power losses in the
network. Specifically, the optimized STATCOM allocation using the Particle Swarm Optimization (PSO) achieves a
7.44% reduction in total active power loss compared to the optimized allocation using the Genetic Algorithm (GA).
Furthermore, the voltage magnitudes at buses 4, 9, and 10, which initially had exceeded the upper voltage limit, were
reduced and brought within acceptable ranges, thereby improving the system’s overall voltage profile. Consequently,
the optimal allocation of the STATCOM significantly enhances the efficiency and performance of the power network.

KEYWORDS: PSO; GA; STATCOM; IEEE 14 bus; stability; voltage profile; power

1 Introduction
Voltage stability is a major issue in electrical systems because voltage is an essential factor for the optimal

functioning of electrical devices. Voltage drops can cause serious problems or damage to lighting fixtures. To
avoid disruption, the effective organization of these efforts is essential. The increasing demand for electricity,
coupled with growing environmental concerns, has led to the gradual integration of renewable energy into
electricity distribution networks. Managing voltages can be complex due to their fluctuations and weather
conditions. It is therefore crucial to maintain constant monitoring of the voltage profile and use regulation
methods to ensure a stable and reliable electricity supply. In addition, increasing energy conservation
initiatives and switching to more environmentally friendly energy sources aim to reduce reliance on fossil
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fuels while minimizing greenhouse gas emissions. However, this transformation also requires more advanced
grid management to efficiently integrate renewable energies, while maintaining voltage stability and meeting
increasing needs.

Thus, this context raises the technical and environmental challenges faced by engineers and grid
managers in maintaining voltage stability while promoting more sustainable energy production. Natural
inexhaustible sources such as water, the sun, the wind, and biomass, especially wood, for example, are the
sources of renewable energy. A hybrid energy plant is an embedded energy system that uses two or more
renewable energy sources [1]. The voltage profile of the conventional power generation system deteriorates
for a number of reasons when the load is increased to satisfy the consumer’s demand [2]. This might be
the consequence of the lines is declining power. In order to improve wind power integration and increase
overall system performance, power system utilities have given priority to stability issues over power quality
issues [3,4]. The primary goal of voltage stability analysis is to forecast the system’s potential fault or point of
voltage collapse. Wind power integration may also have an impact on power stability and quality. The system’s
power transfer capacity also decreases as a result of increased and varying wind penetration [5]. One way
to improve the stability of the voltage of a wind system integrated into a network is to install a Flexible AC
Transmission System (FACTS) and choose the best location for it. In general, the FACTS system is a collection
of control systems rather than a single high-power controller [6]. It is capable of cooperating with other
control systems to regulate several interdependent parameters that affect the transmission system operation,
such as the line current, the shunt impedance, the line series impedance, the nodal voltage magnitude, and
the angular difference. The FACTS devices can alter the routes that the energy takes when it passes through a
power grid is transmission lines by altering the reactance of the transmission lines as well as the bus voltage
magnitudes and phase angle. Therefore, requiring that power flows be moved via routes that do not contribute
to congestion issues is a good way to successfully eliminate or limit transmission line congestion. It can be
difficult to choose the best kind, quantity, location, and dimensions of FACTS devices.

The following sections describe the primary contribution of this current research project. GA and PSO
are two methods used in this study to optimally allocate the STATCOM, aiming to reduce active power losses
and voltage amplitude variations in order to enhance system performance. An IEEE 14 bus network has been
modeled for the simulations.

The paper is subdivided into various sections. The introduction is included in Section 1. Section 2 is
dedicated to the review of previously published papers. In Section 3, the voltage stability study is presented.
In Section 4, the integration of wind energy is introduced. Section 5 presents the study of STATCOM.
In Section 6, the problem formulation and optimization approaches using PSO and GA is depicted. Section 7
shows the results of the experimental analysis. Finally, the conclusion of the paper is addressed in Section 8.

2 Literature Review
According to the relevant literature on FACTS devices, considered in the energy market, several studies

have confirmed the impact of FACTS devices on optimizing the operation of power systems. However, these
works have not yet focused on developing algorithms to determine the optimal number and categories of
these devices. In other words, they only provide the analysis that has been done with these devices and
have not done anything to help with the placement strategies for a specific number of FACTS devices. The
following are some published studies on FACTS devices.
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Magadum et al. [7] addressed power quality problems in power lines by utilizing high-speed operating
power electronic equipment. By compensating for the network’s reactive power demand with STATCOM,
the author has reduced overall power loss in the power line between 20%–35% and enhanced the network’s
voltage profile. The author also compared the outcomes of losses with regard to STATCOM placement
in this article and displayed the effects of placing STATCOM at various network nodes for the ideal
voltage magnitude.

The application of STATCOM for transmission line reactive power dispatch optimization has been
investigated by Bhongade et al. [8]. The most appropriate combination of management parameters for a
transmission line to lower losses and enhance the network voltage profile is determined by a complex factor
called optimal reactive power dispatch. For this, researchers have placed STATCOM on the network using
the collapse prediction index approach and the BAT algorithm. There, the authors have also contrasted the
outcomes of the PSO algorithm and the BAT method. According to the modeling results in the article, the
BAT algorithm with STATCOM suggested by the authors produces better results than the PSO method.

Jaiswal et al. [9] suggested that a shunt compensator, the STATCOM, be integrated into the system,
resulting in a significant enhancement of the voltage profile. Identifying the optimal location with the highest
voltage stability within the grid ensures a well-maintained voltage profile, thereby improving voltage security.

Chirani et al. [10] proved the efficiency of FACTS devices, such as STATCOM, in enhancing power grid
performance by minimizing losses and maximizing power flow. To find the best location and capacity for
a STATCOM in IEEE 14 and IEEE 30 bus systems, a method based on the Grey Wolf Optimizer (GWO)
algorithm was put forth. MATLAB/Simulink was used for all simulations.

In order to improve the power system’s performance, STATCOM allocation with energy storage was
presented and optimized by Ghahremani et al. [11]. To do this, the authors have employed a genetic algorithm
to identify and optimize the STATCOM power system’s characteristics in conjunction with its energy storage
capacity. In order to increase network power transmission while decreasing transmission line losses, the
study suggested a novel optimization method. The effectiveness of the innovative optimization approach in
identifying the best device locations across a range of test networks was shown by the simulation results in
the article.

Okelola et al. [12] suggested PSO as a technique for efficiently assigning the STATCOM on the power
line. The system’s voltage magnitudes have been improved, and the active power losses have been reduced by
about 6.90% thanks to the suggested particle swarm optimization algorithm.

To improve grid planning and operation, Zhang et al. [13] have suggested a useful computational tool.
They used the Benders decomposition method to assess the transmission line’s capacity in the initial step. To
increase the computational efficiency of the first phase, they also employed a parallel calculation method. The
transmission line problem has been effectively resolved by this approach. Both the convergence speed and the
asynchronous grid’s transmission capacity have increased, demonstrating that STATCOM has a beneficial
impact on the asynchronous grid transmission capacity.

The goal of Salbi et al. [14] was to improve voltage variations, to reduce apparent power losses, and to
maintain voltage within predetermined limits. By reducing the injected or absorbed reactive power while
respecting the stability restrictions, the location and size of STATCOMs have been optimized. The best
locations and sizes for STATCOMs have been determined via Genetic Algorithm optimization. After testing
the technique on the IEEE 14 bus network, it was implemented in various seasonal load situations on the
INSHVG network (400 kV, Iraq).
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Oyiogu et al. [15] provided a comparative analysis and review of FACTS devices, including the Static Var
Compensator (SVC), the Thyristor Controlled Series Capacitor (TCSC), the Unified Power Flow Controller
(UPFC), and STATCOM in enhancing voltage stability and reducing power losses in power system ne
works. The performance of these FACTS devices has been evaluated through simulations using NEPLAN
Engineering software. The results demonstrated that UPFC achieved the highest voltage stability and the
most significant reduction in power losses. STATCOM, SVC, and TCSC also contributed to improving
voltage stability and loss reduction, with STATCOM performing better than SVC and TCSC.

3 Voltage Stability Study
Voltage stability refers to the ability of the electrical device to maintain constant acceptable voltages

on each bus of the device under normal conditions, following a disturbance [16,17]. Voltage stability can
be assessed either online or offline, but offline analysis is generally preferred because of its lower risk [18].
Normally, offline voltage stability assessment is performed during the planning process, allowing one to
get an early insight into the system load status. Therefore, it is necessary to take proper precautions and
use compensation methods to avoid such accidents or many unwanted errors in the system. Several major
malfunctions caused by power system instability have been analyzed so far, highlighting the significance of
these phenomena [19,20]. Various types of voltage stability, their classification, and transient stability have
been studied to limit and design the voltage instability problem [21,22].

In order to examine the dynamic response of the system, the voltage stability analysis is based on state-
space modeling, obtained by linearization around the operating equilibrium point. The general model is
presented in the form:

Ẋ = Aχ + Bμ (1)

where A is the system state matrix, describing the system’s own dynamics; B designates the input matrix,
which depends on disturbances to the internal states of the system; μ is the input vector, including
external disturbances or control actions applied to the network such as load variations or adjustments of
compensation devices; χ denotes the state vector, including external disturbances or control actions applied
to the network such as nodal voltages, phase angles, and reactive power associated with generators. The
model’s ability to accurately depict the dynamic evolution of the network and to identify the phenomena that
cause instability depends on the selection of these variables.

The observed electrical quantities are represented in the output vector y, defined as:

y = C χ + Dμ (2)

where C is the output matrix, such as the measured voltages or powers; D designates the control matrix,
which translates the direct influence of inputs on outputs. The choice of outputs is essential to ensure that
the observed quantities allow instability signals to be identified and appropriate corrective actions to be put
in place.

The system’s stability is then examined using the eigenvalues of matrix A, which are found by solving:

det (A− λI) = 0 (3)

With A designates the state matrix; I is the identity matrix; λ denotes the eigenvalue.
System eigenvalues are determined by solving this equation, if they exhibit negative real parts, then the

system is stable; otherwise, it denotes the occurrence of voltage instability.
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4 Wind Energy Integration
The incorporation of wind energy causes a change in the voltage profile of the system [23]. The Power

System Analysis Toolbox (PSAT) simulink library includes the wind system, featuring various configurations
of grid-connected induction generators (IGs). The constant increase in wind energy penetration leads
to voltage instability in the power grid, due to the considerable range of power fluctuations from wind
farms [24]. An increase in wind energy penetration could also harm the security and stability of the electricity
system [17].

In this paper, we use wind turbines equipped with a squirrel cage asynchronous generator (SCIG). The
parameters of the wind turbine using an SCIG are presented in Table 1. This type of wind turbine is often
directly connected to the grid. The generator rotor must be driven by a mechanical system at quasi-constant
speed, as shown in Fig. 1.

Table 1: The parameters of the wind turbine for SCIG

Parameters Value
Rated power 10.0 MVA
Rated voltage 13.8 kV

Rated frequency 50.0 Hz
Stator resistance 0.01 p.u
Rotor resistance 0.10 p.u
Stator reactance 0.01 p.u
Rotor reactance 0.08 p.u

Mutual reactance 3.00 p.u
Inertia constants 2.50, 0.50 KWs\KVA, 0.30 p.u
Number of poles 4.00

Figure 1: Schematic illustration of a squirrel-cage asynchronous generator



576 Comput Model Eng Sci. 2025;145(1)

The speed of the inverter must exceed the synchronous speed, denoted Ωs. In this case, the slip will be
less than zero, allowing the machine to operate as an autonomous generator when not connected to the grid,
or as a non-autonomous generator when it injects current into a grid at a constant frequency and defined
voltage amplitude. One way to adjust the quality of the power produced is to control the rotation speed of
the rotor [25–27].

The most common design of modern wind turbines is the three-bladed horizontal-axis wind turbine.
The output power generated by the turbine blades due to the kinetic energy of the wind can be expressed by
the following equations [28–30]:

Pw ind = 0.5ζp (λ, β) ρπR2v3 (4)

and

λ = wR
v

(5)

where ζp represents the power coefficient of the turbine; λ is the tip speed ratio; β denotes the pitch angle;
ρ is defined as the density of air; R designates the radius of the turbine blades; v is the wind speed; π is the
constant value; w denotes the rotor angular velocity.

In general, the concept of the working of these induction generators can be explained by analyzing them
in two axes, the d-q coordinate axis. The mathematical models of the induction generator can be expressed
in the following form of equations [31]:

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

vdr = Rr Idr + d ϕdr
d t −wr ϕqr

vqr = Rr Iqr + d ϕqr
d t +wr ϕdr

vds = Rs Ids + d ϕds
d t −ws ϕqs

vqs = Rs Iqs + d ϕqs
d t +ws ϕds

(6)

and
⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

ϕds = lmIdr + ls Ids
ϕqs = lmIqr + ls Iqs
ϕdr = lmIds + lr Idr
ϕqr = lmIqs + lr Iqr

(7)

Such as

{ls = Lm + ll s
lr = Lm + ll r

(8)

where vdr and vqr designate the d-axis and q-axis rotor voltages, respectively; vqs and vds denote the stator
voltages in the d and q axes, respectively; Idr and Iqr are the rotor currents in the d and q axes, respectively;
Ids and Iqs denote the current of the rotor in the d and q axes, respectively; ϕdr and ϕqr are the flux of the rotor
in the d and q axes, respectively; ϕds and ϕqs represent the flux of the stator in the d and q axes, respectively;
d and q are the direct and quadrature axis components, and w corresponds to the angular velocity; lm is the
mutual inductance; ls and lr designate the stator and rotor leakage inductance, respectively; lls and llr are the
leakage inductances of the stator and rotor in some simplified models, respectively.
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The expressions of torque, active power, and reactive power generated by the generator can be derived
from the following equations:

⎧⎪⎪⎪⎨⎪⎪⎪⎩

Te = 1.5p (Iqs ϕds + Ids ϕqs)
Ps = 1.5 (vds Ids + vqs Iqs)
Qs = 1.5 (vqs Ids − vds Iqs)

(9)

where p is the number of generator pole pairs.

5 Static Synchronous Compensator (STATCOM)
The STATCOM is a shunt-connected controller and a type of static VAR generator that employs a

switching converter. It can inject or absorb reactive power by changing its switching patterns, without
depending on capacitor or inductor banks [6]. It is strategically located within the transmission network to
provide reactive power support, which reduces losses and improves the voltage profile.

Fig. 2 shows the basic structure of a STATCOM. The main electronic part is the Voltage Source
Converter (VSC). It changes the DC voltage into a series of AC output voltages with specific frequency,
magnitude, and phase angle [7,8].

Figure 2: Schematic illustration of a STATCOM of a STATCOM

The reactive power exchange between the converter and the power system is controlled by changing the
amplitude of the converter’s three-phase output voltage, VVSC.

When the converter output voltage VVSC exceeds the ac bus voltage VAC, the STATCOM injects
reactive power into the network. Conversely, when VVSC < VAC, it absorbs reactive power from the system.
Furthermore, when the magnitudes of VVSC and VAC are equal, the STATCOM operates in standby mode.
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The power flow equations governing the STATCOM are presented as follows [9]:

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

Pn = Psh +∑k
m=1 ∣Vn ∣ ∣Vm ∣ ∣Ymn ∣ cos (θmn − φmn)

Qn = Qsh +∑k
m=1 ∣Vn ∣ ∣Vm ∣ ∣Ynm ∣ sin (θnm − φnm)

Psh = Gsh ∣Vn ∣2 − ∣Vm ∣ ∣Vsh ∣ ∣Ysh ∣ cos (θnsh − φsh)
Qsh = Bsh ∣Vn ∣2 − ∣Vm ∣ ∣Vsh ∣ ∣Ysh ∣ sin (θnsh − φsh)

(10)

where Pn and Qn designate the real and reactive powers at bus n; Psh and Qsh represent the real and
reactive power at the bus where the STATCOM is connected; Gsh, Bsh, and Ysh denote the conductance, the
susceptance, and the admittance of the STATCOM, respectively; Ynm is the admittance of the line between
bus n and m; k is the number of buses connected to bus n; Vn and θn are the voltage and phase angle at bus
n, respectively; Vsh and θsh designate injected shunt voltage and its corresponding phase angle, respectively.

The physical configuration of the STATCOM used in this study is detailed in Table 2. It includes a
three-phase voltage source converter connected to the power system through a coupling transformer. The
STATCOM is rated at 100 MVA, with an operating voltage of 13.8 kV, and is equipped with a DC capacitor
that functions as an energy storage element. The current control loop features a gain of 50 p.u and a time
constant of 0.1 s, with an operating current range between 0.8 and 1.2 p.u. This configuration allows the
STATCOM to deliver fast and precise reactive power compensation, contributing to voltage stabilization at
the connected bus.

Table 2: The characteristics of the STATCOM

Characteristics Number
Power rating 100 MVA

Voltage rating 13.8 kV
Gain of the current control 50

Time constant of the current control 0.1 s
[Imin . . . Imax] [1.2 . . . 0.8] p.u

6 Problem Formulation and Optimization Approaches Using PSO and GA
This section presents in detail the formulation of the optimization problem for the optimal allocation

of STATCOM, as well as an in-depth description of the two optimization algorithms used in this work: PSO
and GA.

6.1 Problem Formulation
To improve stability and reduce losses in distribution networks, the integration of a STATCOM must

be carefully planned. Its effectiveness depends heavily on its location. Therefore, it is essential to formulate
an optimization problem to determine the optimal position of the STATCOM in the network.
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6.1.1 Objective Functions
Three objective functions are defined in the following expression: Floss that reduces active power losses,

Fvoltage that enhances the voltage profile, and Ftotal is a weighted combination of both.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

Fl oss =
Nbus

∑
n

rnm i2
nm

Fvol tage =
Nbus

∑
n=1
(vmag (n) − vre f )

2

Ftotal = ωp1 ( Fl oss
Fl oss ,max

) + ωp2 (
Fvol tage

Fvol tage ,max
)

(11)

where n and m are the number of buses in the network; rnm designates the resistance of the line between bus
n and bus m; inm is the current of the line between bus n and bus m; vmag (n) denotes the voltage magnitude at
bus n; vref represents the reference voltage, equal to 1.0 p.u; Nbus is the total number of buses in the network;
ωp1 and ωp2 designate the weighting coefficients; Floss, max and Fvoltage, max denote the maximum values of
each objective function.

6.1.2 Variables of Optimization
STATCOM Placement: refers to the bus in the power grid where the STATCOM is installed.
STATCOM Capacity: represents the level of reactive power compensation injected by the STATCOM.

6.1.3 Constraints
The following equation describes the active power transfer in the lines, as well as the constraints related

to the maximum permissible current limits.

{Pnm ,max ≥ Pnm
Inm ,max ≥ Inm

(12)

where Pnm and Inm are the active power and the current of the line between bus n and bus m, respectively;
Pnm, max and Inm, max denote the maximum values of the active power and the current of the line, respectively.

The following equation defines the bus voltage profile, as well as the constraints imposed by the
STATCOM’s reactive power capability.

{ vmin ≤ vn ≤ vmax
Qmin ≤ QSTATC OM ,n ≤ Qmax

(13)

where vn is the magnitude voltage at bus n; vmin and vmax designate the minimum and maximum voltage
levels, respectively, at 0.95 and 1.05 p.u.; QSTATCOM, n is the reactive power of the STATCOM at bus n; Qmin
and Qmax represent the reactive power of the STATCOM, with limits of −100 and +100 Mvar, respectively.

The active and reactive power injected into bus n are written as follows:

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

Pin j ,n = vnvm
N
∑

m=1
Gnm cos (θn − θm) + Bnm sin (θn − θ j)

Qin j ,n = vnvm
N
∑

m=1
Gnm sin (θn − θm) − Bnm cos (θn − θ j)

(14)



580 Comput Model Eng Sci. 2025;145(1)

where vn and vm designate voltage modules at buses n and m, respectively; θn and θm represent the voltage
angles at buses n and m, respectively; Gnm and Bnm are the conductance and susceptance of the line between
buses n and m, respectively.

6.2 Optimization Using Particle Swarm Optimization (PSO) Algorithm
Kennedy and Eberhart proposed a PSO algorithm in 1995 [29,31]. This algorithm is part of the field of

traffic congestion intelligence. In other words, the algorithm is based on the principle of sharing information
and experiences. The principle of the search point in PSO is illustrated in Fig. 3. PSO was developed by
simulating basic versions of the enterprise. The system operates as follows [32,33]:

• This method is used to study swarms such as schools of fish and flocks of birds.
• It is based on simple ideas. It thus requires little memory, and the computation time is fast.
• It was first developed using continuous variables to solve nonlinear optimization problems.

Figure 3: Representation of the search point concept in PSO

The PSO was selected for solving this optimization problem in light of its simplicity, soundness,
and well-established use for power system applications. It is particularly powerful for solving nonlinear,
non-convex problems, such as STATCOM placement and sizing, in the absence of gradient information.
Furthermore, PSO yields fast convergence and is easy to implement, and it has shown good efficiency for
similar applications in minimizing power losses, enhancing the voltage profile, and increasing the overall
system security [34]. These benefits make the PSO an appropriate and effective method for this work.

This change can be expressed using the velocity equation, and the velocity of each agent can be changed
using the following equations:

⎧⎪⎪⎨⎪⎪⎩

v j (k + 1) = ω.v j (k) + c1 .rand (pbest
j − χ j (k)) + c2.rand (gbest − χ j (k))

χ j (k + 1) = χ j (k) + v j (k + 1)
(15)

where j = 1, 2, 3, . . ., n; vj (k + 1) is the velocity updating of particle j; vj (k) denotes the velocity current; c1
and c2 designate the cognitive coefficients; pbest

j and gbest are the best location; χ j (k) is the current location.
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The inertia weight is calculated using the following expression:

ω = ωma −
(ωma − ωmi)

iterma
iter (16)

where ωma and ωmi designate the maximum and minimum weights; iter and iterma are the current and
maximum iteration, respectively.

The algorithm for the PSO methodology consists of the following steps:

• Step 0: Start
• Step 1: Initialize IEEE 14 bus network data.
• Step 2: Initialize the parameters of the PSO as shown in Table 3.
• Step 3: Initialize the STATCOM parameters:

Capacity: Qmin≤ QSTATCOM, n ≤ Qmax

Number: 1 STATCOM

• Step 4: Generate an initial population with random positions and velocities.
• Step 5: Calculate losses and fitness function for each particle.
• Step 6: Set iteration = 0.
• Step 7: Identify personal best (pbest) and global best (gbest).
• Step 8: While iteration <Maximum iteration

If yes, proceed to the next step 9.
If not, go directly to step 14.

• Step 9: Calculate inertia weight by Eq. (16).
• Step 10: Update the velocity and position of each particle by Eq. (15).
• Step 11: Calculate new fitness for each particle.
• Step 12: Update pbest and gbest.
• Step 13: Set iteration = iteration + 1.
• Step 14: Display the optimization results, including the optimal location of the STATCOM and the

optimal size.
• Step 15: End.

The parameters of the PSO algorithm are presented in Table 3.

Table 3: The parameters of the PSO algorithm

Parameters Value
Population size 100

Number of iterations 50
C1, C2 2

Initial inertia factor weight 0.4
Final inertia factor weight 0.9

Fig. 4 shows the different steps to follow in performing the optimization using the PSO algorithm, in
order to determine the optimal location of the STATCOM and reduce transmission line losses.
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Figure 4: Flowchart of the particle swarm optimization for STATCOM allocation
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6.3 Optimization Using Genetic Algorithm (GA)
Genetic Algorithms (GAs) are a fundamental approach to evolutionary computing that was inspired by

Darwin’s theory of evolution and the “survival of the fittest.” In natural environments, individuals compete
for limited resources, and thus the fittest individuals dominate the less adapted individuals [35–39].

The algorithm for the GA methodology consists of the following steps:

• Step 0: Start
• Step 1: Initialize IEEE 14 bus network data.
• Step 2: Initialize the parameters of the genetic algorithm as shown in Table 4.
• Step 3: Initialize the STATCOM parameters:

Capacity: Qmin≤ QSTATCOM, n ≤ Qmax

Number: 1 STATCOM

• Step 4: Generate the initial population of potential solutions and evaluate the objective function for each
individual. The initial population of solution candidates receives evaluation through a fitness function.

• Step 5: Calculate losses and the fitness function for each chromosome
• Step 6: Set generation = 0.
• Step 7: Rank the chromosomes based on fitness, and apply selection, crossover, and mutation.
• Step 8: Calculate other values for losses and calculate the fitness function for each chromosome.
• Step 9: Perform reinsertion: The new solutions are inserted into the population for the next generation.
• Step 10: Objective function test:

If the objective condition is reached, proceed to the next step.
Otherwise, return to step 8 to continue the iterations.

• Step 11: Set generation = generation + 1.
• Step 12: Set generation =Maximum Generation

If yes, display the best chromosome.
If not, return to step 8 to continue optimization.

• Step 13: Optimal location and Size of the STATCOM.
• Step 14: End.

The parameters of the GA algorithm are presented in Table 4.

Table 4: The parameters for GA

Parameters Value
Population size 100

Maximum number of generations 50
Number of variables 1

Crossover rate 0.8
Number of crossover points in each chromosome 5

Generation gap 0.9
Mutation rate 0.03

Fig. 5 shows the detailed description of the different steps in flowchart form:
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Figure 5: Flowchart of the genetic algorithm optimization for STATCOM allocation

7 Results and Discussions
This work is divided into three scenarios: the first consists of detailing our IEEE 14 bus network. The

second scenario consists of integrating three wind turbines equipped with a squirrel cage asynchronous
generator into the network. Finally, in the third scenario, the disturbances identified in the second scenario
are corrected by integrating a STATCOM into the network.
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7.1 Scenario 1: Case Study of IEEE 14 Bus
The IEEE 14 bus test network, as demonstrated in Fig. 6, was used to verify the algorithm. Network

information was collected using [40,41]. The load flow function of the Power System Toolbox (PST), based
on MATLAB, was used to solve the power flow problem [41].

Figure 6: IEEE 14 bus standard network

This section may be divided by subheadings. It should provide a concise and precise description of the
experimental results, their interpretation, as well as the experimental conclusions that can be drawn.

Table 5 below shows the number of each type of element making up the network.
Table 6 shows the parameters of the various buses of the IEEE 14 bus network before the integration of

wind turbines, carried out using the toolbox for power system analysis software (PSAT). This information
facilitates the examination of the load profile and the power distribution within the network.

Table 7 below shows the characteristics of the transmission lines in the analyzed network.
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Table 5: Number of each element type in the IEEE 14 bus network

Elements Number
Bus 14

Transmission lines 16
Synchronous compensators 03

Generators 02
Transformer 04

Number of loads 11

Table 6: Configuring IEEE 14 network bus parameters

Bus number Voltage (p.u) pf P gen (p.u) Q gen (p.u) P load (p.u) Q load (p.u)
01 1.06000 1.0000 3.5203 −0.27899 0.0000 0.0000
02 1.04500 0.9908 0.4000 0.95134 0.3038 0.1778
03 1.01000 0.9455 0.0000 0.59796 1.3188 0.2660
04 0.99772 0.9655 0.0000 0.00000 0.6692 0.0560
05 1.00240 0.9743 0.0000 0.00000 0.1064 0.0224
06 1.07000 0.9288 0.0000 0.44264 0.1568 0.1050
07 1.03470 0.9380 0.0000 0.00000 0.0000 0.0000
08 1.09000 0.9380 0.0000 0.34242 0.0000 0.0000
09 1.011100 0.9204 0.0000 0.00000 0.4130 0.2324
10 1.010500 0.9191 0.0000 0.00000 0.1260 0.0812
11 1.034600 0.9248 0.0000 0.00000 0.0490 0.0252
12 1.046100 0.9205 0.0000 0.00000 0.0854 0.0224
13 1.036200 0.9198 0.0000 0.00000 0.1890 0.0812
14 0.995680 0.9096 0.0000 0.00000 0.2086 0.0700

Note: pf = Power factor; P gen = Injected active power; Q gen = Injected reactive power; P load =Active loads;
Q load = Reactive loads.

Table 7: Network transmission line parameters

Line From bus To bus R (p.u) X (p.u) Bc (p.u)
1 02 05 0.05695 0.17388 0.03400
2 06 12 0.12291 0.25581 000.00
3 12 13 0.22092 0.19988 0.0000
4 06 13 0.06615 0.13027 0.0000
5 06 11 0.09498 0.1989 0.0000
6 11 10 0.08205 0.19207 0.0000
7 09 10 0.03181 0.0845 0.0000
8 09 14 0.12711 0.27038 0.0000
9 14 13 0.17093 0.34802 0.0000
10 07 09 0.00000 0.11001 0.0000
11 01 02 0.01938 0.05917 0.0528

(Continued)
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Table 7 (continued)

Line From bus To bus R (p.u) X (p.u) Bc (p.u)
12 03 02 0.04699 0.19797 0.0438
13 03 04 0.06701 0.17103 0.0346
14 01 05 0.05403 0.22304 0.0492
15 05 04 0.01335 0.04211 0.0128
16 02 04 0.05811 0.17632 0.0374
17 05 06 0.00000 0.25202 0.0000
18 04 09 0.00000 0.55618 0.0000
19 04 07 0.00000 0.20912 0.0000
20 08 07 0.00000 0.17615 0.0000

Note: R = Resistances; X = Reactance; Bc = Line capacitances between each pair of buses in the network.

7.2 Scenario 2: Case Study on Integrating Multiple Wind Turbines into an IEEE 14 Bus Network
In this part, the three wind farms based on asynchronous generators were installed at buses 6, 7, and 14.

The objective of this configuration is to analyze how the addition of wind turbines affects the grid stability.
This work also allows us to observe the voltage fluctuations due to renewable sources and grid disturbances.

Fig. 7 shows the three wind speeds based on the Weibull distribution that are used for the wind turbines
in the network.

Figure 7: The three wind speeds used for wind turbines

As shown in Fig. 7, the three curves exhibit highly fluctuating and random behavior, reflecting the
turbulent nature of the wind. The values mainly oscillate between 14 and 20 m/s, with some peaks slightly
exceeding 20 m/s. Despite these instantaneous variations, the three profiles maintain a similar trend,
highlighting an overall consistency among the different wind speeds. These fluctuations must be taken into
account in the modeling and analysis of wind turbine performance, as they directly influence the power
produced and the stability of the network.
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The following figure illustrates the voltage measurements on various network buses, before and after the
addition of the wind turbines. This allows us to analyze the device’s effect on voltage stability.

As shown in Fig. 8, the voltages decrease with distance from the generators, indicating voltage dips.
This can be attributed to the fact that the squirrel cage asynchronous generator consumes reactive power to
produce electricity, which results in losses in the transmission lines.

Figure 8: Voltage profile with and without wind turbines at different buses of the IEEE 14 bus network

7.3 Scenario 3: Case Study on Adding a STATCOM to a Network
This section focuses on determining the best location for STATCOM installation within an electrical

power distribution network. The study uses two different situations to measure the impact of placement
strategies on network performance. In the first scenario, the placement is determined through Genetic
Algorithm optimization, which is called optimized STATCOM allocation using GA, and the second scenario
uses PSO for placement optimization, which is called optimized STATCOM allocation using PSO. The
evaluation of these different approaches allows measuring the effectiveness of each method in improving
voltage profiles and minimizing power losses across the entire network.

Table 8 presents the contribution of STATCOM to optimizing the voltage and power factor in the
different buses.

The comparative analysis of the results presented in Table 8 highlights distinct behaviors depending on
the STATCOM device allocation method, namely the genetic algorithm (GA), with an implementation on
bus 14, and particle swarm optimization (PSO), with an implementation on bus 9.

First, it should be noted that buses 1, 2, 3, 6, and 8 show no significant variation, either in terms of voltage
(p.u) or power factor, between the two optimization strategies. This stability can be explained by the fact that
these buses are directly connected to the generators or already equipped with reactive compensation means,
such as static capacitors. Under these conditions, the addition of a STATCOM produces only a marginal, if
any, effect.

On the other hand, notable variations are recorded on other network buses, particularly buses 4, 7, 9,
10, 11, 12, 13, and 14, demonstrating the differentiated impact of the two methods on voltage regulation and
power factor correction.
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Table 8: Voltage Profile and phase in different scenarios with STATCOM Allocation

STATCOM allocation using GA PSO

Bus number Voltage (p.u) Power factor Voltage (p.u) Power factor
01 1.0600 1.0000 1.0600 1.0000
02 1.0450 0.9940 1.0450 0.9932
03 1.0100 0.9576 1.0100 0.9540
04 1.0291 0.9756 1.0083 0.9747
05 1.0224 0.9827 1.0096 0.9821
06 1.0400 0.9597 1.0400 0.9589
07 1.0221 0.9638 1.0498 0.9579
08 1.0300 0.9638 1.0300 0.9579
09 1.0016 0.9492 1.0720 0.9440
10 0.9998 0.9487 1.0543 0.9443
11 1.0128 0.9540 1.0416 0.9515
12 1.0195 0.9542 1.0248 0.9542
13 1.0145 0.9541 1.0246 0.9531
14 1.0023 0.9518 1.0475 0.9451

In the case of genetic algorithm (GA) allocation, although some improvements are noticeable, they
remain limited. For example, the voltage at bus 10 remains below the nominal value, at 0.9998 p.u, indicating
insufficient reactive compensation at this location. The voltages at buses 9 (1.0016 p.u), 11 (1.0128 p.u), 13
(1.0145 p.u), and 14 (1.0023 p.u), although above 1.0 p.u in some cases, do not reach an optimal level.
Furthermore, the phase angles suggest that the power factor is not sufficiently improved on these buses.

Conversely, STATCOM allocation using the PSO algorithm produces significantly more satisfactory
results. A significant increase in voltage is observed on the critical buses: 1.0720 p.u on bus 9, 1.0543 p.u
on bus 10, 1.0416 p.u on bus 11, 1.0246 p.u on bus 13, and 1.0475 p.u on bus 14. These values indicate more
targeted reactive support. Furthermore, the higher absolute values of the phase angles reflect a significant
power factor, which contributes to improved stability and reduced losses in the network.

As shown in Table 8, the average power factor obtained after optimization with PSO and GA algorithms
is higher than that obtained in the initial state of the IEEE 14 bus network without STATCOM, as shown
in Table 6. These results show that the integration of a STATCOM improves the energy efficiency of the
network, in particular, the reactive power consumption. Furthermore, the improvement of the power factor
results in a reduction of transmission losses and a more stable and efficient operation of the power network.
Consequently, the integration of a STATCOM associated with evolutionary optimization methods makes it
possible to optimize the stability and quality of the electrical network.

In conclusion, the obtained results clearly demonstrate the superiority of PSO optimization in STAT-
COM allocation. This method allows not only a more efficient regulation of the voltage profile but also an
improvement in the power factor, ensuring better reactive compensation and a more stable and efficient
overall performance of the electrical network.

Table 9 shows the variation of total active power in different cases.
Fig. 9 compares the variations in power losses of the network compared to the initial state.
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Table 9: Total active power losses based on STATCOM allocation

Scenarios Bus number Active power losses
Optimized STATCOM Allocation using GA Bus 14 0.24699 MW
Optimized STATCOM Allocation using PSO Bus 09 0.22861 MW

Figure 9: Results of the active power losses

Table 9 and Fig. 9 clearly illustrate the progressive reduction of active power losses on the network
thanks to the STATCOM allocation, which allows, compared to the initial network without STATCOM
(294.52 kW), to reduce the losses that the allocation optimized by the genetic algorithm (GA) allows a
reduction of 16.14%, while the optimization by the PSO algorithm leads to a greater reduction of 22.38%.

A comparative analysis of the two optimization techniques reveals that the PSO approach has an
additional 7.44% over the GA algorithm. These results demonstrate that the PSO algorithm performs best
for STATCOM allocation in the IEEE 14 bus network, with maximum loss reduction. Bus 9, chosen by the
PSO, is therefore identified as the optimal location for STATCOM.

7.4 Stability Analysis
The integration of a STATCOM was carried out to evaluate its impact on the dynamic stability of the

power grid. This evaluation is based on a comparison between two scenarios: the first one corresponds to a
network with three wind turbines without a FACTS device, while the second scenario integrates a STATCOM
whose placement was optimized using the PSO algorithm. The STATCOM parameters used are detailed
in Table 2. Table 10 presents the system eigenvalues in the complex plane for both scenarios, showing an
improvement in stability with the STATCOM, although some buses may still exhibit oscillations close to the
stability limits.
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Table 10: System Eigenvalues in the complex plane in the two scenarios

Network with the three wind turbines
and without STATCOM

Network with optimized STATCOM
allocation using PSONumber

of
poles

Most
associated

states

Real part Imaginary
part

Poles Real part Imaginary
part

1 e1r_Cswt_3,
omega_m_Cswt_3

−6.9171 33.6515 ist_Statcom_1 −58.9945 0.0000

2 e1r_Cswt_3,
omega_m_Cswt_3

−6.9171 −33.6515 e1r_Cswt_1,
omega_m_Cswt_1

−6.451 35.1784

3 e1r_Cswt_3,
e1r_Cswt_2

−8.1597 36.2925 e1r_Cswt_1,
omega_m_Cswt_1

−6.451 −35.1784

4 e1r_Cswt_3,
e1r_Cswt_2

−8.1597 −36.2925 e1r_Cswt_1,
omega_m_Cswt_1

−7.7141 37.5939

5 e1r_Cswt_1,
omega_m_Cswt_1

−8.2178 36.5188 e1r_Cswt_1,
omega_m_Cswt_1

−7.7141 −37.5939

6 e1r_Cswt_1,
omega_m_Cswt_1

−8.2178 −36.5188 omega_m_Cswt_2,
e1r_Cswt_2

−7.6577 38.7027

7 e1m_Cswt_3 −9.1181 0.0000 omega_m_Cswt_2,
e1r_Cswt_2

−7.6577 −38.7027

8 e1m_Cswt_2 −10.3223 0.0000 e1m_Cswt_3 −10.953 0.00000
9 e1m_Cswt_1 −10.9167 0.0000 e1m_Cswt_2 −11.8135 0.0000
10 omega_t_Cswt_3,

gamma_Cswt
−0.94149 4.2386 e1m_Cswt_1 −11.741 0.0000

11 omega_t_Cswt_3,
gamma_Cswt

−0.94149 −4.2386 omega_t_Cswt_1,
gamma_Cswt

−0.83022 4.2236

12 omega_t_Cswt_2,
gamma_Cswt

−0.90886 4.2305 omega_t_Cswt_1,
gamma_Cswt

−0.83022 −4.2236

13 omega_t_Cswt_2,
gamma_Cswt

−0.90886 −4.2305 omega_t_Cswt_3,
gamma_Cswt

−0.73856 4.2138

14 omega_t_Cswt_1,
gamma_Cswt

−0.91303 4.2439 omega_t_Cswt_3,
gamma_Cswt

−0.73856 −4.2138

15 omega_t_Cswt_1,
gamma_Cswt

−0.91303 −4.2439 omega_t_Cswt_2,
gamma_Cswt

−0.74358 4.2341

16 vw_Wind_1 −0.2500 0 omega_t_Cswt_2,
gamma_Cswt

−0.74358 −4.2341

17 vw_Wind_2 −0.2500 0 vw_Wind_1 −00.2500 0.0000
18 vw_Wind_3 −0.2500 0 vw_Wind_2 −0.2500 0.0000
19 – – – vw_Wind_3 −0.2500 0.0000

Note: vw_Wind_1, vw_Wind_2, vw_Wind_3 = Wind speeds; ist_Statcom_1 = Current injected by STATCOM;
e1r_Cswt_1, e1r_Cswt_2, e1r_Cswt_3 = Network side voltage of Cswt; e1m_Cswt_1 e1m_Cswt_2, e1m_Cswt_3 =
Machine sid voltage of Cswt; omega_t_Cswt_1, omega_t_Cswt_2, omega_t_Cswt_3 = Terminal angular velocity
of Cswt; omega_m_Cswt_1, omega_m_Cswt_2, omega_m_Cswt_3 = Machine-side mechanical speed of Cswt;
gamma_Cswt = Switching angle of Cswt; Cswt = Controlled power switch.
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The specific values of the nodal admittance matrix in the complex context are illustrated in Fig. 10.

(a) (b)

Figure 10: Location of eigenvalues in the two scenarios: (a) The IEEE 14 bus network without STATCOM; (b) The IEEE
14 bus network with optimized STATCOM allocation using PSO

According to Table 10 and Fig. 10, one studied the stability of two scenarios: the first scenario, shown
in Fig. 10a, probably represents an IEEE 14 bus network with integration of wind turbines and without
STATCOM. This figure shows that the majority of eigenvalues have a real part close to zero, but slightly
negative, which indicates that the system could be stable but with a risk of small depreciations. The
second scenario in Fig. 10b represents the same network, but with improvements, such as adding an
optimal STATCOM location. Fig. 10b shows that the eigenvalues are more widely distributed, with a greater
proportion having negative real parts, indicating improved system stability. One therefore concludes that
optimal STATCOM placement by PSO improves stability and reduces oscillations.

7.5 Comparative Study
The following two tables present a comparative study of active power and voltage, using the PSO

algorithm to optimize STATCOM placement.
Analysis of the results presented in Tables 11 and 12 shows a significant improvement in voltage levels

and active losses in the current study. Indeed, the voltages of the 14 network buses are all above 1.00 p.u,
indicating a better overall voltage profile. By comparison, in [12], the voltages at buses 3, 4, 5, and 8 are below
1.00 p.u, indicating a voltage weakening at these points in the network. Furthermore, the current study shows
a significant reduction in total active losses, reaching 22.38%, compared to only 6.9% in [12].
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Table 11: Comparison of active power losses and study improvement

Parameters In [12] Present study
Total Real power loss [MW] 5.81900 0.22861

Improvement [%] 6.9 22.38

Table 12: Comparison of voltage levels in two studies

Bus number In [12] Present study
01 1.0600 1.0600
02 1.048 1.045
03 0.982 1.0100
04 0.978 1.0083
05 0.978 1.0096
06 1.012 1.0400
07 1.040 1.0498
08 0.972 1.0300
09 1.026 1.0720
10 1.031 1.0543
11 1.025 1.0416
12 1.026 1.0248
13 1.035 1.0246
14 1.044 1.0475

8 Conclusion
Most studies addressing the optimal allocation of STATCOM focus primarily on identifying its optimal

location and sizing to reduce network power losses. In this work, two optimization approaches are proposed
that simultaneously determine the placement and size of the STATCOM with the objective of minimizing
active power losses. The PSO algorithm showed superior performance in identifying optimal configurations
when compared to the GA algorithm, demonstrating faster convergence and higher solution quality.
Moreover, the results indicate that simultaneous optimization of both location and size yields more effective
loss reduction than approaches that treat these parameters separately. These findings highlight the potential
of PSO as a robust tool for enhancing power system efficiency through strategic FACTS device placement.

This work opens up several potential areas for further investigation:

• Use of large networks.
• Integration of multiple STATCOM devices.
• Optimization including distributed sources (DG).
• Adoption of optimization techniques based on artificial intelligence.
• Implementation of adaptive controllers capable of reacting in real time to system variations.
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