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Electricity generation from the wind and solar photovoltaic (PV) systems are highly dependent upon
weather conditions. Their intermittent nature leads to fluctuations in their output. Therefore, the need
for rapid compensation for energy transmission and distribution systems is increasingly important.
Static Synchronous Compensator (STATCOM) can be adopted for reactive power compensation and for
decreasing the voltage fluctuation caused by the system and renewable energy sources. This study pre-
sents modelling of a Solar PV-Wind Hybrid Micro-grid and the increase of the stable operating limit of the
system in case of the incorporation of STATCOM is examined. The major contribution of this paper is the
optimization of gain parameters of four PI controllers in STATCOM control circuit based on genetic algo-
rithms (GA) and Bacteria Foraging Algorithm (BFA) and therefore obtaining better responses and voltage
stability in terms of nonlinear nature of solar-wind hybrid micro-grid. The Simulink models of the system
architecture include a wind turbine model, a solar PV power system model and a STATCOM. It is certified
that the voltage fluctuation at the end of the bus bar is reduced by 8% using conventional PI controller, by
10% for GA-based PI controller, and by 15% for BFA based PI controller under variable load. The results
obtained by GA and BFA-based optimization of PI controllers are compared with that of the conventional
controller and better results attained.
� 2019 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The applications of renewable energy sources have shown
increasing momentum, especially in recent years. Increasing
energy consumption, rapid progress in energy production tech-
nologies and increasing public awareness for environmental pro-
tection lead research areas to alternative energy and distributed
production. By using various control techniques, it is possible to
create a hybrid structure consisting of an efficient photovoltaic
(PV) system and wind energy system for applications with low
installed capacity. Since renewable energy systems such as wind
alone and hybrid Wind/PV are not completely safe in meeting
the demand for the load, power instabilities are experienced and
reactive power compensation is an emergent need for stable oper-
ation of a hybrid system. Reactive power compensation is a
requirement in all energy systems. Reactive power causes concerns
involved with different power quality problems as well as increas-
ing power losses. To solve this, the synchronous condensers and
fixed mechanical switching capacitors have been used for many
years. Compensations of this type have some disadvantages such
as large dimensions, high losses and slow response time.

For diminishing power quality problems, improving system sta-
bility and for increased power transfer capability, the Flexible
Alternating Current Transmission Systems (FACTS) devices have
been commercially introduced in the late 1980s [1]. However,
new FACTS topologies are emerging to enhance the security and
stabilization of micro-grids [2,3]. As a member of FACTS family
devices, STATCOM is a shunt-connected inverter-based device that
improves power quality in alternating current systems. In 1991,
the first installation of the STATCOMwas in Japan. It provided volt-
age stabilization at ±80 MVAR [1]. Since then, the development of
real-time controllers has allowed the implementation of complex
control algorithms [4]. The role of these devices is power factor
improvement, load balancing, voltage regulation and harmonic
elimination in energy systems. By increasing the capacity of trans-
mission lines, the need to build new lines are eliminated. Various
control strategies are used to allow power system operation within
the required operating limits. The most commonly employed con-
trollers are Proportional-Integral (PI), Proportional-Integral-Deriva
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Nomenclature

Vbus grid voltage
Q reactive power
Ia, Ib, Ic three-phase current components
Vd, Vq voltage components
Iq, Id current components
Vw average wind speed on the area swept by the blades
Pw power produced by the wind turbine
Tt amount of aerodynamic torque
@ wind turbine end velocity ratio
Cp power coefficient
b angle of inclination
k constant for wind
R length of the blades (radius of the turbine rotor)
Ct coefficient of torque
q air density
Ot angular speed of the rotor
A swept area
Va, Vb, Vc three-phase voltage components
Kp proportional gain constant
Ki integral gain constant
Ns number of swimming bacteria
i bacterial index
J performance criterion for optimization

w weighting factor
Iph light generated current
k Boltzmann gas constant
q electron charge
T absolute temperature
n linearity factor
Rs cell series resistance
Rsh cell shunt resistance
Ns number of PV module in series
V output voltage of solar cell
I0 dark saturation current value
I PV current
Vstatcom output voltage of the STATCOM
Vac AC system voltage
a phase difference between voltages
x equivalent reactance of transformers
P active power
ma modulation index
Vdc DC voltage
delta (n, i) direction to represent a tumble
Nc chemotactic steps
Nre number of breeding steps
Ned number of elimination and dispersal steps
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tive (PID), Fuzzy Logic Controller (FLC) and Artificial Neural Net-
works (ANN)-based controllers. In commercial STATCOM devices,
generally, conventional PI type controllers are incorporated and
the effectiveness of the controller determines the performance of
STATCOM. Thereby, the current research is focused on obtaining
a more robust and adaptable operation of STATCOM for variations
of the hybrid power system.

In recent years, various researches on STATCOM have been
made. In 2010, a research was carried out on a hybrid PV-Wind
supply system with STATCOM interface for a water-lift station
and voltage fluctuation was reduced in a limited manner [5]. In lit-
erature, some studies have discussed the stability effect of FACTS
controllers on power systems connected to wind system based
doubly fed induction generators and focused on the results of rotor
angle responses [6].

A control method for Voltage Source Control (VSC)-based STAT-
COM that uses conventional and direct-current vector control
strategies have been proposed. But it only worked on the voltage
fluctuation from the system and they did not deal with a hybrid
system [7]. Voltage control through reactive power support for
wind energy conversion system based hybrid power system has
been reported in [8]. But the work did not use STATCOM to reduce
the voltage fluctuation with the load side converter. The literature
review shows that there is very little research on the STATCOM
system-based voltage fluctuations caused by the hybrid solar-
wind microgrid. With the increasing installation of PV and wind
power systems, the conventional FACTS devices still need improve-
ments by optimizations of controllers and extensive analysis has to
be made under various operating conditions. Dynamic analysis of
hybrid power systems was made by adjusting the optimum gain
of STATCOM in [9]. In another research dealing with a control sys-
tem using Static Var Compensator (SVC) and Automatic Voltage
Regulator (AVR), GA is used to simultaneously determine PI control
parameters of SVC and AVR [10]. A searcher optimization algo-
rithm was performed for the isolated hybrid power system model
and performance analysis with Takagi-Sugeno type fuzzy logic
based controller was reported in [11].
In this study, the objective is to increase the reliable operating
limit of the presented power system architecture by incorporating
STATCOM for reactive power compensation. Also, it is aimed to
reduce the voltage fluctuation occurring due to the varying nature
of renewable energy sources.

Optimal adjustment of PI parameters in STATCOM is automati-
cally made based on GA and BFA to get a satisfactory response. The
optimization of the PI controller parameters in STATCOM control
circuit is performed. To the best knowledge of the authors, a study
dealing with the optimization and adjustment methods of four PI
controllers in the STATCOM’s control circuit for voltage stability
of the PV-Wind hybrid system has not been published.

2. Methods

2.1. Wind power system modelling

Today, Doubly Fed Induction Generator (DFIG) is among the
most preferred wind generators [12]. DFIG is composed of stator
windings that are connected directly to a fixed frequency 3-
phase network and back-to-back voltage-based converters placed
in rotor windings. The term doubly-fed indicates that the stator
voltage is derived from the mains and the rotor voltage is induced
by the power converter. The system allows for large but limited
variable speeds (can operate with a speed difference of ±40%).
The transducers make the mechanical and electrical frequency
adjustment by injecting current at different frequencies to the
rotor. Generator behavior is managed by power converters or con-
trollers in normal operation or fault conditions [13].

The DFIG consists of successive voltage-induced converters,
which are connected directly to the fixed-frequency three-phase
grid and are bi-directionally connected to the rotor windings. The
main idea is to control the rotor current components of the rectifier
on the rotor side and regulate the active and reactive powers. The
inverter on the grid side also controls the DC link voltage.

DFIG has many advantages such as the controlling capability
of active and reactive power by rotor current [13]. It has two



Fig. 2. Characteristics of wind turbine (a) k-Ct characteristic (b) Velocity- Power
(v-P) characteristics.
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successive converters as rotor side control and grid side control in
Fig. 1. In the grid side control circuit of the wind, Vbus (grid voltage),
Q (reactive power component), three-phase current components
(Ia, Ib, Ic) are taken in the grid side control circuit of the wind and
Vbus and Id & Iq are regulated. With space vector transformations,
voltage components (Vd & Vq) and current components (Iq & Id)
are converted to three-phase signals. The angles are determined
with Phase Locked Loop (PLL) by using voltage values and used
in Park and Clarke space vector transformation.

The control circuit is implemented in Simulink environment.
The aerodynamic model presents the rotor power by computing
the mechanical torque determined by air-flow on the blades [14].
Wind speed (Vw) is regarded as the average speed on the area
swept by the blades.

The power equation produced by the wind turbine is given in
Eq. (1).

Pw ¼ 1
2
CpqAVw

3; ð1Þ

The amount of aerodynamic torque in Nm is given in Eq. (2).

Tt ¼ 1
2
qR3Vw

2Ct; ð2Þ

Wind turbine end velocity ratio is given in Eq. (3).

@ ¼ RXt=Vw; ð3Þ
Power coefficient (Cp) adopted as 0.44 refers to the analytical

expression as a function of the angle of inclination (b) and the tur-
bine end velocity ratio (@), k is a constant, R is length of the blades
in m (radius of the turbine rotor), Ct is the coefficient of torque, A is
the swept area, q is the air density (1.225 kg/m3), Xt is the angular
speed of the rotor.

The power factor equation is given in Eqs. (4) and (5) [14].

Cp ¼ k1
k2
@i

� k3b� k4bk5 � k6
� �

e
k7
@ið Þ
1

 !
; ð4Þ

@i ¼ 1=ð@ þ k8Þ; ð5Þ
Based on these equations, the characteristics in Fig. 2 are

obtained. As can be seen from the figure, if the wind speed is
12 m/s, the output power reaches 2 MW. According to these power
Fig. 1. Grid side c
and torque equations, a wind turbine model is formed and indirect
speed control is modeled to determine the maximum power point.
Some data for the Doubly Fed Induction Machine were adopted
and a DFIG was modelled [14].
2.2. Photovoltaic power system modeling

Solar PV panels ensure the generation of electricity in DC form
by converting the energy in the sun’s rays. In order to increase the
power output, many solar cells are connected in parallel or in ser-
ies and mounted on a surface forming a solar cell module or a pho-
tovoltaic module. The PV cells are modelled using the one-diode
equivalent circuit. The PV current can be determined as shown in
Eq. (6) [15].

I ¼ Iph � I0 e VþIRsð Þ� q
nkTNs � 1

h i
� V þ IRsð Þ

Rsh
; ð6Þ

In this statements, Iph is the light generated current, k is Boltz-
mann gas constant (1.38 � 10�23 J/K), q is electron charge
(1.6 � 10�19 C), T is absolute temperature (Kelvin), n is linearity fac-
ontrol circuit.



Fig. 3. The equivalent circuit of STATCOM.
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tor, Rs is the cell series resistance, Rsh is the cell shunt resistance, Ns

is the number of PV modules in series, V is the output voltage of
solar cell and I0 shows the dark saturation current value.

The mathematical model of the photovoltaic system with the
equations detailed in [15] is implemented in Simulink. In addition,
perturbation and observation (P&O) algorithm has been adopted
for implementing the maximum power point tracking (MPPT) in
PV power system.

2.3. Static synchronous compensator

STATCOM is established from a voltage source DC/AC converter.
It provides voltage support by generating or absorbing reactive
power at the point of common coupling without the need of large
external or capacitor banks [16]. At the STATCOM output, balanced
three-phase voltages are obtained at the mains frequency having a
controlled amplitude and phase angle. In this embodiment, the
power change between the AC system and the device in steady-
state is generally reactive. The reactive power change between
the AC system and the STATCOM is controlled by controlling the
magnitude and phase angle of the transformer output voltage.
For this, the magnitude and frequency of the AC output voltage
of the inverter in the STATCOM circuit must be set. If the magni-
tude of the output voltage of the STATCOM exceeds that of the
AC system voltage (Vstatcom > Vac), the current flow direction is from
the STATCOM to the AC system via transformer reactance and the
device supplies reactive power to the transmission line.

In case the STATCOM output voltage is bigger than the trans-
mission line voltage, the device operates in capacitive mode. The
capacitor is used to provide the DC voltage required for the inver-
ter. The capacitor is either charged or discharged depending on the
phase difference between the output voltage of inverter and the AC
system voltage. The active power flowing from the AC system to
the STATCOM by neglecting the transformer resistance can be
found in Eq. (7) [17];

P ¼ VacVstatcom sina
X

; ð7Þ

If a > 0, the inverter output voltage is in the same phase as the
system voltage. The capacitor is charged because of P > 0. If a < 0,
the capacitor is discharged because of P < 0. Reactive power flow-
ing from STATCOM to AC system or from AC system to STATCOM
can be calculated by Eq. (8).

Q ¼ VacVstatcom cosa� Vac
2

X
; ð8Þ

where Vac is AC system voltage, Vstatcom is inverter output voltage, X
is equivalent reactance of transformers, a is the phase difference
between voltages. In the STATCOM, the voltage Vdc is kept constant
and the amplitude of the AC output voltage of the inverter is calcu-
lated by changing the modulation index (ma).

The modulation index is usually between 0 <ma < 1. In case
ma = 0.75; there is no power exchange (Vac = Vstatcom). In
case ma = 0.65; STATCOM is in inductive mode (Vac > Vstatcom). In
case ma = 0.85; STATCOM is in capacitive mode (Vstatcom > Vac).
Inverter output voltage in STATCOM can be calculated as shown
in Eqs. (9) and (10).

Vstatcom ¼ Vef

p
3
2

; ð9Þ

Vef ¼ Vdc
ma

2
; ð10Þ

According to Eqs. (9) and (10), the output voltage of STATCOM is
adjusted by keeping the DC voltage constant and changing the ma

value.
STATCOM operates either in the capacitive or inductive mode
for reactive power compensation in the system in grid limits and
to prevent transmission losses. The control of STATCOM is pro-
vided by the power electronics switching elements (IGBT) of the
inverter and PWM control technique is used. As shown in Fig. 3,
the system is connected directly to the reactors. In Fig. 4, a control
circuit belonging to STATCOM is given and AC voltage (Vbus), DC
voltage (Vdc), active and reactive current components (Id & Iq) are
regulated and three-phase signals (Va, Vb, Vc) using Park and Clarke
space vector transformations is converted into rotating axis com-
ponents Vd and Vq. The controls are provided with the PI controller
and STATCOM control circuit using PI, and PLL is modelled in
MatLab/Simulink. The parameters employed in STATCOM is listed
in Table 1.

The proposed hybrid system architecture modeled in Simulink
is shown in Fig. 5. A distribution system with a 25 kV 100 MVA
was used and lines with a length of 21 and 2 km were used to
transmit power to connected loads between busbars. A wind tur-
bine based doubly fed induction generator was modeled and rotor
side and grid side controls were performed. An indirect MPPT
method was used according to wind speed and optimal torque pro-
duction. A 0.4 MW PV system was modeled and synchronization
control with PLL was performed. The STATCOM was added to the
Point of Common Coupling (PCC) for reducing the voltage fluctua-
tion at the end of the busbar, and reactive power compensation.
The current, voltage, reactive power values at the end of busbar
are firstly measured for the system without STATCOM. A STATCOM
rated at 3 MVAR was incorporated into the same PCC for voltage
regulation. In the hybrid system with STATCOM, a variable load
between 1 MVA and 5.2 MVA was employed at the end of the line.
The STATCOM system is programmed at 1.077 p.u. to keep the ref-
erence voltage at 1 p.u.

In this study, the time domain criterion is used to evaluate the
PI controller in the STATCOM’s control circuit for voltage stability.
In the control system, if the controller tuning constants get impro-
per value, the system’s characteristics may deteriorate and the sys-
tem may become unstable [18]. For this reason, optimal
adjustment of controller parameters and proper selection of tuning
constants have an important role in the superior performance of
this control.

The most common performance criterion is Integral Time Abso-
lute Error (ITAE). The disadvantage of the Integral Absolute Error
(IAE) and Integral Square Error (ISE) criteria is that while the min-
imization process is relatively low, the transient response is bad.
This disadvantage is addressed by using ITAE or Integral Time
Square Error (ITSE) [20]. In this study, ITAE performance criterion
is used as objective function for optimization.
2.4. GA based method

Genetic programming solves problems by applying three steps:
Step 1. Identification of fitness function. Step 2. Coding (genetic
coding). Step 3. Selecting the starting population to be random
individuals. Repetition is performed until a sufficiently good



Fig. 5. Solar-Wind Hybrid Sys

Table 1
System parameters of STATCOM model.

Parameter Numerical Value

Grid line voltage 25 kV
Equivalent resistor 0.0012 O
Equivalent inductor 1.2 mH
Shunt capacitor 1600 mF
Capacitor voltage 2400 V
System frequency 60 Hz

Fig. 4. STATCOM control circuit [19].
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solution is found and the fitness function of all individuals in the
population is computed. The best individuals are chosen for the
new generation and crossover and mutation are used to create a
new generation. The new generation (chromosomes) is added to
the population and the best solution is found. Optimization tech-
niques such as GA and BFA are applied to optimize Kp and Ki gain
parameters for STATCOM according to ITAE as an objective func-
tion. The flow diagram in Fig. 6 shows the steps used to optimize
the Kp and Ki gain constants for STATCOM based on GA.
tem including STATCOM.



Fig. 6. Flow diagram for STATCOM tuning using GA.

Fig. 7. Flow diagram for STATCOM tuning using BFA.
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2.5. BFA based method

The bacterium E coli is based on a control system that allows to
seek for food and try to evade harmful substances. The movement
of bacteria can be modelled in four steps: Step 1. Swarming and
Tumbling via flagella (Ns); Bacteria swims a number of Ns or less
steps based on the nutrition concentration. Each flagellum oper-
ates relatively independent of the others, and the Tumbling mode
specifies whether the direction of swimming changes in the future.
Step 2. A chemotaxis step (Nc) gives the m swimming step followed
by a tumble. Ned is number of elimination and dispersal steps. A
randomly determined length vector with a delta (n, i) direction
to represent a tumble is generated. i is the bacterial index with
the maximum bacterial s number. This step is necessary to deter-
mine the movement direction after a tumble. The position of each
bacterium is indicated and the new bacterium position is given
after rolling. Step 3. After Nc chemotactic steps, a reproduction step
(k) is determined and the number of breeding steps is called Nre.
Most unhealthy bacteria die and then the healthiest bacteria are
divided into two bacteria, each of which is placed in the same area.
Step 4. Elimination can occur when significant local increases in
temperature kill a population of bacteria in a highly nutritious
place. It also has the effect of helping Chemotaxis, because it can
place dispersal bacteria near abundant sources of food. The flow
diagram in Fig. 7 shows the steps to optimize the value of the Kp

and Ki gain constants using BFA for STATCOM.

2.6. Formulation of the objective function

In this paper, as the objective function ITAE is adopted and per-
formance criterion for optimization is called ‘J’. The ITAE function is
shown in Eq. (11).

JITAE ¼
Z T

0
errorð Þj jtdðtÞ ð11Þ
here T, which is the upper limit of the integral, is generally deter-
mined as larger than settling time for which integral tends to a
steady state value. The sum of the errors in the control circuit of
the STATCOM in Eq. (12) is considered to be the objective function.

OF Xð Þ ¼ w
Z T

0
eacj jtd tð Þ þ

Z T

0
edcj jtd tð Þ þ

Z T

0
eiq
�� ��td tð Þ þ

Z T

0
eidj jtd tð Þ

ð12Þ
where, X = [Kp1 Ki1 Kp2 Ki2 Kp3 Ki3 Kp4 Ki4] and w represents the
weighting factor. Eq. (12) is used for regulating DC voltage con-
troller, AC voltage controller, current controller (Id, Iq) and for opti-
mization, the STATCOM’s control circuit is configured as shown in
Fig. 8. The total error value is calculated according to ITAE formula-
tion in Simulink and is optimized according to ITAE formulation. GA
and BFA codes, which are compatible with the m-function code file
have been written, and a good optimization has been carried out
with the correct restriction, multiplication, mutation and popula-
tion size values. The m-function file programmed in MatLab opti-
mize eight variables, optimization is done in eight-dimensional
search space and Kp and Ki values are determined according to cer-
tain lower and upper limits.

3. Simulation results and discussion

Depending on the connection of the solar PV and wind power
plants to the grid, the impact of distribution networks on the
power quality increases [4]. These power quality problems caused
by renewable sources are usually slow voltage variations, voltage
collapses, rapid voltage changes, harmonics, and frequency imbal-
ances. One of the most striking problems in the adoption of the
solar PV and wind power systems to the network is the voltage
fluctuations. The voltage fluctuation has been minimized by STAT-
COM’s control scheme and the voltage profile improvement and
reactive power compensation has been done by STATCOM.

3.1. Simulation results of STATCOM for power factor compensation

When the system is tested, the magnitude of voltage source was
increased by 0.2 s as reflected in Fig. 9(a). Reference current and
reactive current components that decrease in inductive mode
and increase in capacitive mode is shown in Fig. 9(b). STATCOM
compensated this voltage by absorbing +2.7 MVAR of reactive
power.



Fig 8. Control circuit of STATCOM for ITAE.
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The magnitude of voltage source was reduced at 0.3 s and STAT-
COM produced reactive power while maintaining the voltage value
by changing the reactive power from +2.7 to �2.7 MVAR as shown
in Fig. 9(c). As shown in Fig. 9(d), DC voltage is tried to be kept con-
stant and the modulation index is referred in Fig. 9(e). STATCOM
operates in inductive mode beginning from 0.2 s (ma = 0.65),
whereas at 0.3 s in capacitive mode (ma = 0.85), in which reactive
power is generated. The simulations were carried out for a time
period of 0.5 s.

3.2. Simulation results of solar-wind hybrid system with STATCOM for
reactive power compensation

The hybrid micro-grid system firstly operates without STAT-
COM incorporation, and it can be reflected in Fig. 10(a) that at
the end of the busbar, the voltage value increases to 1.08 p.u. at
0.2 s and decreases to 0.92 p.u. at 0.3 s. A voltage fluctuation
between ±10% can be clearly seen. In the hybrid system incorporat-
ing STATCOM, the voltage is kept constant at 1.0 p.u. at all points in
Fig. 10(b), and the fluctuation between 0.2 and 0.4 s. is reduced by
8% for conventional PI controller. The result of the optimization is
the voltage profile at the end of the busbar in Fig. 10(b). In Fig. 10
(b), the graphs for the ITAE performance criterion show that the PI
controller has the highest overshoot and peaks at some points, the
voltage profiles of the GA reaches a point of 1 p.u. at 0.05 s and
have a lower overshoot and the voltage fluctuation is minimized.
When BFA is applied, the voltage profile reaches 1 p.u. at 0.02 s,
it has the lowest overshoot and is at 1 p.u. at all points. The voltage
fluctuation is reduced by 10% for GA-based PI controller, and by
15% for BFA-based PI controller. In the result of three methods,
comparisons can be made in terms of voltage fluctuations and
the method of adjusting the system parameters as voltage
response. The optimization algorithms were run several times
and the best values chosen are listed in Table 2. The results show
that optimal adjustment of controller parameters and proper selec-
tion of tuning constants have vital role in controlling performance.
4. Conclusions

In this study, the impacts of a 2 MWwind power induction gen-
erator based wind generation system and a 0.4 MW solar power
generation system on the grid were investigated. For this hybrid
system, it has been pointed out that STATCOM provides reactive
power compensation. A solar PV-wind power system with a hybrid
structure was designed and the voltage profiles at the output were
examined. STATCOM was incorporated to study the voltage pro-
files in the system according to capacitive and reactive operating
states. On this basis, this work pointed out that power instability
in large transmission systems can be minimized, and the fluctua-
tions caused by the adoption of renewable energy sources to the
system can be diminished.
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(e)

Fig. 9. (a) STATCOM output voltage profile (b) reactive current component (c)
produced or absorbed active and reactive power by STATCOM (d) DC link voltage (e)
modulation index waveforms.

(a)

(b)

Fig. 10. (a) Voltage profile at the end of the busbar without STATCOM (b) voltage
profile at the end of the busbar for conventional PI controller, GA optimized
controller, BFA optimized controller with STATCOM (p.u.)

Table 2
Controller gain constants in STATCOM optimized for ITAE.

ITAE AC
regulator

DC
regulator

Id current
regulator

Iq current
regulator

PI constant Kp1 Kp2 Kp3 Kp4

Ki1 Ki2 Ki3 Ki4

GA results 0.3747 0.0114 0.9748 0.04292
0.5694 0.8051 0.3043 0.7021

BFA results 0.8662 0.2393 0.2639 0.4308
0.6752 0.0285 0.7486 0.9502
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The comparisons of the results showed that the effectiveness of
the STATCOM tuned with GA and BFA was improved. By acquiring
the best values for PI controller gains, voltage swell occurred due to
the change in reactive power has been overcome and a better
dynamic response was reached. In future studies, different opti-
mization techniques and different FACTS devices can be used to
compare and determine a more effective one.
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