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ABSTRACT

Wind energy is one of the most prevalent renewable sources nowadays, which has been projected to play an immense role
in realizing the clean energy transition. This paper dives into one of the critical challenges in the grid integration of wind
power plants, which is reactive power compensation. The static synchronous compensator (STATCOM) is commonly
used to inject/absorb reactive power in wind power plants where the device is controlled with the traditional proportional-
integral (PI) controller. This article investigates the effectiveness of the fuzzy logic controller (FLC) in managing the
STATCOM to compensate and regulate the reactive power in a 9 MW grid-connected wind power plant. Due to its faster
and malleable response, the FL.C allows for greater flexibility in controlling the STATCOM. According to the findings,
the voltage profile at the point of common coupling (PCC) is improved considerably in the case of the FLC compared to
the PI controller, demonstrating the efficacy of the employed strategy. MATLAB-Simulink has been used to model and
analyze the proposed system. We achieved a 6 percent improvement in voltage regulation when FLC was utilized instead

of PI controllers.
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1. Introduction

Due to concerns such as global warming, the growth of
energy demand, the depleting nature of fossil fuels, energy
security, and the cost-effectiveness of renewable energy
resources (RERs), the generation of electrical power from
RERs, especially wind and solar energy, has gained
tremendous momentum globally. With benefits, integrating
the RERSs into the electricity grid leads to various challenges,
e.g., system vulnerability due to the intermittent nature of the
RERs, system instability because of their malfunctioning
operation due to voltage sags/swells at their terminals, and
many others. Such challenges may impact the machinery
being supplied and lead to a loss of coordination and
selectivity of the protection devices in the protection system
[1], which may ultimately result in a severe operational
problem faced by the grid operators. When RERs are
integrated into the grid, the protection devices frequently
experience sensitivity loss, making the power system less
effective at handling faults [2]. All these drawbacks make it
difficult for wind and solar energy systems to be viable long-
term options as energy sources without getting too expensive
or too nuanced to implement [3]. However, instability due to
tripping of the RERs system because of their terminal
voltage sags/swells may be prevented by controlling their
terminal voltages externally through reactive power
compensation.

Depending on the configuration, a wind turbine may use
different generators like a squirrel cage induction generator
(SCIG) and a doubly-fed induction generator (DFIG).
Reactive power control is significantly challenging for wind

farms driven by the DFIG. One issue with such wind farms
is the DFIG’s constant use of reactive power, which can be
detrimental to the operation of the power system. With large
turbines and a poor distribution system, wind farms may
experience voltage sag at the point of common coupling
(PCC) due to high starting currents of large loads,
distribution network faults, or insufficient voltage regulation
equipment [4]. Voltage must be quickly restored to prevent
disruptions and equipment damage and maintain stable
operation of connected loads. This can lead to voltage and
rotor angle instability due to a slow recovery of the PCC
voltage, as the DFIG will use reactive power during the
voltage restoration process. If the voltage does not recover
quickly enough, the DFIG will continue to run faster and use
more reactive power, potentially resulting in voltage and
rotor angle instability [5]. Wind power plants can also
experience voltage sag or swell at the terminal [6], because
of factors like reduction/increase in wind speed,
disturbances, dynamic wind conditions, and grid integration
issues. This requires the injection or absorption of reactive
power depending on whether the voltage is sagging or
swelling. Voltages increase when reactive power is injected
into the system and decrease when reactive power is
absorbed. To prevent these types of fluctuations, a shunt
capacitor bank is often connected to the PCC of the wind
power plant to compensate for the reactive power
consumption by the DFIG. A dynamic reactive power
adjustment can also reduce the reactive power interchange
between the wind farms and the distribution network [7].

A static synchronous compensator (STATCOM) (also
known as a static synchronous condenser) is a device used to
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meet the reactive power requirement in AC electrical
transmission networks [8-9]. It is based on a voltage source
converter (VSC) and can supply or drain reactive power to
or from a network of outlets or deliver active power if
connected to an active power source. It is a member of the
flexible AC transmission system (FACTS) family of devices
and is self-excited and modular [9]. The main components of
a STATCOM are a coupling reactor, a capacitor, and a pulse-
width-modulation (PWM) converter. At the fundamental
frequency of the system, a STATCOM produces a balanced
set of three-phase sinusoidal voltages with quickly adjustable
amplitude and phase angle. There are different controller
topologies for the STATCOM, including but not limited to
proportional-integral (PI) control and fuzzy logic control
(FLC) [11]. A PI control is often utilized to achieve
automatic voltage regulation [11]. The authors in [12] have
described that when there are changes in the system
operating condition, a PI controller can be used with a
STATCOM to achieve the required and acceptable responses
in voltage regulation in the power system. However, a PI
controller is often insufficient to handle non-linear loads and
may suffer from parameter variations, overshoot, and steady-
state error [13]. The steady-error problem with stationary
frame-based PI controllers can be superseded by the
synchronous frame-based PI controller which possesses
high-gain characteristics, and this can improve steady-state
error. However, the synchronous reference frame-based Pl
controller is more complex and faces noise problems while
obtaining the reference signal which may cause extra errors.
In addition, this controller faces difficulties during
unbalanced conditions due to disturbances in the power
system.

Recently, fuzzy logic controllers [14], artificial neural
networks (ANN) [17], and model predictive controllers [19]
have been proposed to control STATCOM instead of a PI
controller. In [13], a fuzzy logic-based controller for a
STATCOM equipped with a battery energy storage system
has been designed. The authors in [14] have successfully
presented a superior response of a fuzzy logic-based AC
voltage controller connected to a current limiter in an IEEE
9-bus system. In [15], the performance of a STATCOM with
a decoupled adaptive fuzzy logic control (AFLC) approach
and a linear PIl-feedforward control strategy has been
compared. In [16], it has been suggested to add a fuzzy logic
supervisor to the DC link PI controller used in the
distribution STATCOM (DSTATCOM). During the
transient phase, the supervisor modifies the PI controller’s
gain in a way that enhances the performance of the controller,
which in turn improves the performance of the
DSTATCOM. In [17], the authors have presented a self-
tuning PI controller. The efficiency of the controller in
preserving the system stability when voltage fluctuation
occurs was demonstrated through simulation. The authors in
[18] have developed a prototype back propagation ANN-
based system for the reactive power and voltage control
mode of the STATCOM to train and test an Indian Extra
High Voltage (EHV) power system. In [19], a unique fixed
switching frequency model-based predictive control

technique has been proposed and applied to a three-phase
cascaded H-bridge multilevel STATCOM to improve the
performance of a traditional model predictive controller. The
authors in [20] have described a new technique for
improving the performance of a grid-tied multilevel inverter
that uses a predictive current regulation and a finite control
set model (FCS-MPCC). None of these works mentioned
above specifically perform controller comparison in a Grid-
Integrated Wind Power Plant with STATCOM.

Considering the mentioned notes, this paper proposes a fuzzy
logic controller for STATCOM to control the reactive power
at the PCC of a 9 MW grid-connected wind power plant. To
show the improvement of efficiency in response, the
performance of the STATCOM with the FLC-based
controller has been compared with that of the PI-based one.
The comparative analysis demonstrates that STATCOM
with the FLC provides better reactive power support at the
PCC of the DFIG-based wind power plant than that of the PI
controller.

The paper has been organized as follows. Section II describes
the problem statement; Section III shows the analysis of the
controllers for STATCOM,; Section IV describes the system
configuration; Section V analyzes the results obtained from
the simulation; Section VI concludes; and Section VII
discusses possible future works.

2. Problem Statement

According to the grid codes stipulated by the Australian
Energy Market Operator (AEMO) [22, 23], the RERs should
remain connected during a short period of voltage sag.

The conditions specified by the grid codes are the time
functions of the PCC voltage i.e., V(¢), and this can be lower
due to voltage sag during a fault, which has to be endured by
the RERs. According to the grid codes, RERs must remain
connected during this time.

In the German grid code, two borderlines for ¥(f), as shown
in Fig. 1, have been specified. If the magnitude of V() at the
PCC after the fault occurrence at t; (fault initiation time) is
above borderlinel (zone A in Fig. 1), the RERs might not be
disconnected from the grid. However, after £ = 700 ms, the
V() should be increased with a gradient of at least 25% per
second to maintain the lower limit of the voltage profile at
the PCC. On the other hand, borderline 2 indicates that if the
magnitude of V(#) at PCC falls to zero for the t; < t < 0.15
seconds, the RERs should not be disconnected from the grid.
However, after = 150 ms, the V(¢) should be increased with
a gradient of at least 66.67% per second to maintain the lower
limit of the voltage profile at the PCC.
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Fig. 1. Voltage ride-through requirement from German grid
code 2007.

If the magnitude of ¥(¢) is in Zone B, the RERs should be
able to ride through the fault with the low voltage under the
conditions which are: (1) the RERs should feed in the short
circuit current; (2) the borderline 2 can be adjusted; and (3)
the RER can be disconnected for a short duration of time (up
to 2 s). In zone C, the RER can be disconnected for a short
time by ensuring a negotiable resynchronization time. In
zone D, the RER should not remain connected to the grid.

Although the profile of V(¢) is a common feature of many
grid codes, its application to different types of faults is not
consistent. For example, the profile of F(¢) applies to any
type of fault, such as the symmetrical and asymmetrical
faults, for the grid codes of Alberta, Denmark, ENTSO-E,
Ireland, and the UK [22, 23]. On the other hand, in Spanish
grid code, the RERs will have to withstand for = 500 ms for
V(f) = 20% caused by an asymmetrical fault, and for V(¢) =
60% caused by a double line to ground faults [22, 23].

In some grid codes, up to +10% voltage changes are allowed.
When the grid voltages exceed that limit, the voltage support
strategies are activated. A strategy to support the grid
voltages during fault is that the RERs should supply a
reactive current at a ratio of at least 2% of the injected
reactive current percentage to the voltage sag percentage, as
per (1) within 20 ms.

a Al 0 /‘I O-rted 5,

AV! r;Vr—ru.‘ed - (1)

n

where V;_,4teq 1S the rated terminal voltage of the RER,
lg_ratea is the rated injected current by the RER. If
Viprefaur and lg_preraque are the voltage and current
before fault, respectively, then AV, =V, — Vi _,pequur» and
Aly = Iy — Iy—prefaut- Here, 1 is the reactive current droop
that may vary in the range of 2 ~10%. However, during an
emergency condition, if required, the RER must be capable
of injecting 100% reactive current.

The allowable dead-band range is 0.9V;_,4teq < Vi <
1.1V;_rqteq for the reliable operation of the grid. For
symmetrical faults, the RER should inject reactive current
according to the droop 7 to protect the grid from instability.
However, in case of asymmetrical faults, the controller of the
RER should inject reactive current so that the voltages at the
unfaulty phases remain within 1.1V;_,.4;eq.
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Grid codes usually allow for the reduction of active power
injected by RERs during grid faults. In line with UK and Irish
grid codes, active power injection should be proportional to
the PCC voltage retained during faults, with a swift
restoration of 90% of active power within 1 second of PCC
voltage recovery. The German grid code specifies that, if
RERs are not disconnected (zone A), active power must be
restored at a rate of 20% of rated capacity per second after
fault clearance. In the case of temporary disconnection
(zones B and C), the restoration rate should be 10% of the
rated capacity per second after reconnection.

The above evidence demonstrates the need for a reactive
power supply by STATCOM in the event of a voltage sag or
swell to ensure the stable operation of the grid and RER.

3. Controllers for STATCOM

This section describes the controllers used for STATCOM,
especially PI and FLC types, the flowchart of the fuzzy logic
controller, fuzzy membership functions, and the fuzzy
inference system.

A. PI-Controller

Due to simplicity and ease of implementation, a closed-loop
PI-controller has been extensively used in power electronic
converters (PECs) and industrial applications [24-25]. A
simple PI-controller is shown in Fig. 2(a). In its operation, a
PlI-controller uses a reference frame which can be either a
stationary reference frame or a synchronous reference frame.
Both of the reference frames necessitate a lot of signal
processing  which  increases complexity in its
implementation. In addition, due to limited gain, the
stationary frame-based PI controller cannot nullify the
steady-state errors [26, 27]. To improve the performance of
the PI-controller, a feedforward PI controller as shown in
Fig. 2(b) has been proposed in the literature [28 - 31].
However, the performance of these controllers deteriorates
due to harmonics in measured voltages hence it may cause
instability due to disturbances in the power system.

One possible solution here is a fuzzy logic controller with the
PEC which can improve the steady-state error as with the PI-
controller.

Loy +? Error

Dncas

(b)

Fig. 2. (a) simple PI-controller and (b) feedforward PI-controller.
B. Fuzzy Logic Controller
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In this paper, a fuzzy logic controller (FLC) has been used to
model the operation of PECs. An FLC uses linguistic
variables and fuzzy sets, where all the necessary variables
are defined using membership functions. Modeling of the
controller for the PECs using FLC has been presented in the
following subsections.

C. FLC Flowchart

Fig. 3 shows the flowchart steps for designing controllers for
a PEC. In designing the controller, the inputs, outputs, and
state variables of the PEC controller need to be identified.
The information of each variable can be divided into several
fuzzy subsets which are defined by linguistic variables. Then
each fuzzy subset is represented by a membership function.
When the membership functions are available, a fuzzy rule
base is formulated using the input-output relationship. If it is
necessary to normalize the input-output variables, an
appropriate scaling factor can be used to normalize the
variables between [0, 1]. All these steps mentioned above are
done under fuzzification as shown in Fig. 3. After
fuzzification, the outputs of the controller are identified
using fuzzy inference systems which are de-fuzzified to
obtain the output signal as shown in Fig. 3. Each step in the
flowchart has been described in the following subsections to
develop the fuzzy logic controller for the PECs.

Error
Signal

h

h
{ Fuzzification )

Fuzzy Fuzzy Logic
Inference Controller
System Block

Defuzzification

A

h

Output
Signal

Fig. 3. FLC flowchart.

D. Fuzzy Membership Functions and Ranges

Fuzzy membership functions used by the regulators in the
controller have been discussed in this subsection. These
functions are defined from the ideal input and output
functions of the controller. There are three regulators in the
controller part of the PECs: AC voltage regulator, DC
voltage regulator, and current regulator. To develop the
fuzzy logic controller all the inputs and outputs of these
regulators should be identified, and their corresponding
membership functions should be developed. The
membership functions have been defined linguistically as
NL; Negative Low, NS; Negative Small, ZR; Zero, PS;
Positive Small and PL; Positive Large. The input and output
ranges are mentioned in the following sub-section.

1) Membership Functions of AC Voltage Regulator: The
input variables to the AC voltage regulator are reference
(Vac_rer) and measured (Ve measurea) VOltages whereas the
output variable from the regulator is the reference reactive
current component (I ,r) for this controller designed for

the STATCOM. These input-output variables of the AC
voltage regulator have been defined as the membership
functions for the fuzzy logic controller. According to these
values, the relation between inputs and outputs is defined and
the stability of the system is maintained. As stated above, the
linguistic definition of the membership functions represents
the nature of the inputs and the outputs. The input and output
ranges selected for these membership functions for the fuzzy
logic controller have been presented in Table 1.

Table 1: AC Voltage Regulator Membership Functions

Function Name Input Range Output range
NL -0.1032 to 1 -1to 1
NS -0.1032 to .04 -1to -0.1
ZR 1 to -61 -0.1t0-0.7
PS 9 to 86 -0.7t0 0.9
PL -3to3 -0.003 to 0.003

1) Membership Functions of DC Voltage Regulator: The
input variables to the DC voltage regulator are reference
(Vac rer) and measured (Vge meqsurea) DC voltages whereas
the output variable from the regulator is an active current
component (/s ) for this controller designed for the
STATCOM. These input-output variables of the DC voltage
regulator have been defined as the membership functions for
the fuzzy logic controller. The input and output ranges
selected for these membership functions for the fuzzy logic
controller have been presented in Table 2.

Table 2: DC Voltage Regulator Membership Functions

Function Name Input Range Output range
NL -500 to 3000 -0.5t01
NS -500 to 500 -0.5to0 .2
ZR -0.04 to 0.01 -0.1 to -0.7
PS 0.004 to 0.07 0.003 to 0.83
PL -0.003 to 0.004 -0.003 to 0.004

1I1) Membership Functions of Current Regulator: The input
variables to the current regulator are reference (I r.f) and
measured (I meqsurea)  direct-axis  active  current
components, reference (I r.r) and measured (I measurea)
quadrature-axis reactive current components whereas the
output variables from the regulator are dq-axes voltage
components V; and V; for this controller designed for the
STATCOM. These input-output variables of the current
regulator have been defined as the membership functions for
the fuzzy logic controller. The input and output ranges of the
membership functions for the fuzzy logic controller have
been presented in Table 3.
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Table3: Current Regulator Membership Functions

Shafiullah and A. S. M. Jahid Hasan
Table 5: Fuzzy Rule Base For DC Voltage Regulator

Function Name Input Range Output range Input/Output | NL NS ZR PS PL
NL -02to0 1.5 03to1 NL | PL PL PS PS PS
NS -0.2t0 0.2 0.3t00.6 NS | PL PS ZR NS NL
ZR -0.18 t0 .003 0.410 0.6 ZR | PL ZR ZR NS NS
PS 0.004 to 0.21 0.65t00.9 PS| PS ZR ZR NS NL
PL -0.003 to 0.004 0.63t0 0.7 PL | PS NS ZR NS NL

E. Fuzzy Rule Base

The Mamdani Fuzzy rule-based strategy was utilized at
every regulator to represent the relationship. This was
created to represent the choices made by operators while
managing processes using a set of linguistic IF-THEN rules.
A machine could then utilize these descriptions to
autonomously manage the same processes. This uses the
max-min aggregation method. A mix of trapezoidal and
triangular membership functions has been utilized here, with
the former working for short periods while the latter working
for long periods [21]. The triangular membership function,
for example, with a lower limit a, peak b, and upper limit ¢
can be represented as in equation (2).

(0 tforx<a
3 Z_;Z tfora<x<bh
H = g :forb<x<c @
: forx >c

Due to this rule-based system, output changes accordingly
when the input values change, and the system stabilizes
itself. The performance of the FLC depends on the fuzzy
membership functions and how an operator defines them. In
this paper, we tuned them according to previous controller
data, but there can be modifications to improve the
performance. It comes with the expertise of the user to define
a proper fuzzy inference system that can replicate the
characteristics of the inputs and outputs of the controller. The
fuzzy rule base for the AC and DC voltage regulator and the
current regulator for the fuzzy logic controller have been
presented in Tables 4, 5, and 6, respectively.

Table 4: Fuzzy Rule Base For Ac Voltage Regulator

Table 6: Fuzzy Rule Base For Current Regulator

Input/Output | NL NS ZR PS PL

NL | PL PS PS PS PS

NS | PL PS ZR NS NL

ZR | PS PS ZR NS NS

PS| PS ZR PS PS NL

PL| PS NS ZR NS NL

Input/Output | NL NS ZR PS PL

NL | PL PL PS PS PS

NS | PL PS ZR NS NL

ZR | PL PS ZR NS NL

PS| PS ZR ZR NS NL

PL | PS PS ZR NS NL

In summary, as in Fig. 3, an error signal is given as input to
the fuzzy block. After that, the values are converted to fuzzy
variables. The fuzzy variables can have different values
depending on the margin of error. Upon that, the fuzzy
inference system maps the input error to the output current
I; or V; depending on the type of regulators. The mapping
happens according to the rule-based setup by the operator.

4. System Configurations

Fig. 4 shows the one-line diagram of the test system used in
this paper, where an external grid is connected to a 9 MW
wind power plant that includes a STATCOM. The system is
built and simulated in MATLAB Simulink. The
specifications of the test system are as follows:

1. A conventional synchronous equivalent grid operating
at 60 Hz, and 25 kV at bus Bl as shown in Fig. 4 has
been considered.

2. A 9 MW wind power plant producing power at 575 V
is connected to the PCC-bus of the 25-kV grid through
a 0.575 kV/ 25 kV step-up transformer.

3. A STATCOM is connected to the PCC-bus. The
controller of the STATCOM controls the amount of
reactive power from or to the STATCOM.

4. A9 MW RLC-Load is connected to the PCC-bus.
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Fig. 4. One-line diagram of the test system.

A. Operation of STATCOM

STATCOM regulates the voltage at the PCC bus by
controlling the amount of reactive current injected into or
absorbed from the grid. When the grid voltage is below the
predefined value, it injects reactive current. On the other
hand, it absorbs reactive current from the grid when the grid
voltage is above the predefined value. Reactive current
generation and absorption alternation are performed utilizing
an SVC. It uses an IGBT-based PWM inverter to convert the
DC link voltage to AC voltage and supply it to the grid. The
IGBT-based inverter circuit is shown in Fig. 5.
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Fig. 5. Operation of STATCOM.

The LC filters cancel the harmonic voltages before
connecting them to the grid. The output filters can eliminate
the high-frequency harmonics of the inverter output. The
modulation index of the PWM generator decides the amount
of generation and absorption of reactive current. The inputs

of the PWM generator come from the output of the
regulators. The controller block consists of the AC and DC
voltage regulators, and the current regulator, as shown in Fig.
6.

AC Voltage
Regulator

—|_,)q_ref
DC Voltage | Io_rer

Regulator

PWM PWM

Current
Genarator —> signal

Regulator

Fig. 6. STATCOM controller block.

B. STATCOM Controller

1) AC Voltage Regulator: The AC voltage regulator of the
controller is shown in Fig. 7. We have replaced the PI
controller with the FLC, where the reference AC voltage and
measured line voltages are taken as inputs. The difference or
error signal is calculated and sent to the FLC from these two
values. I, ;¢ is the reference current produced by the AC
voltage regulator. This reference current works as the input
for the current regulator.

+
Vac_ref PI "q_ref
Y, Pl Controller
ac_measured
Fuzzy Logic
Controller

Fig. 7. AC voltage regulator.

II) DC Voltage Regulator: The DC voltage regulator is
shown in Fig. 8. The PI controller is replaced with an FLC.
This block takes the DC voltage reference and the measured
DC link voltages as inputs. A limiter is used in the regulator
block to keep the reference DC voltage value within an
acceptable range. After that, the error signal is calculated
from the two input DC signals and sent to the DC voltage
fuzzy logic controller. The output of the controller is the
reference Iy .o current, which is then sent as an input to the
current regulator.
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PI Controller

M Id’ref

Fuzzy Logic
Controller

[ Vdciref } > >

Limiter

Fig. 8. DC voltage regulator.

1Il) Current Regulator: The current regulator of the
controller block is shown in Fig. 9. Both the PI controllers
are replaced with the FLC. As mentioned before, the outputs
of the AC voltage regulator and DC voltage regulators are
used as inputs to the current regulator. Two FLCs are used,
one for I; . and one for I, ,..r. Along with the inputs of the
previous blocks, two separate values are taken as inputs: I
and I;. In each case, the error signals are calculated from the
summation blocks and sent to the FLC blocks. The outputs
are Vy and V;, which are used to calculate the angle for the
PWM generator.

Pl Vy
Pl Controller VgVy
Pl Vy
Pl Controller
Fuzzy Logic Controller
y Log Vqu

Mw

Fuzzy Logic Controller

Fig. 9. Current regulator.
5. Result and Discussions

This section represents the results obtained from the
simulation. The performance of the PI and the FLC controller
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is compared on parameters such as voltage regulation,
current supply, and reactive power.

A. Voltage Regulation Improvement

It is shown in Fig. 10 that the voltage regulation is much
better when a fuzzy logic controller is used. From Fig.10, the
voltage fluctuations before using the fuzzy logic controller
can be observed in the form of spikes. These spikes in the
voltage represent the sudden voltage change due to the grid
source fluctuation. The result demonstrates that the fuzzy
logic controller, in both the transient and steady state, does a
better job than the PI controller in maintaining the voltage
profile at 1 pu. At 0.05 seconds, 6% more stability is
achieved using a fuzzy logic controller. Stability improves
by 3% and 1% during the steady-state phase at 0.22 and 0.3
seconds of the simulation. This is a clear indication that
voltage regulation is maintained more efficiently when the
fuzzy logic controller is being used.

—=P]
—Fuzzy

1.10 -

1.15 ij

1.05

Voltage (pu)

95

0 0.1 02 03 04 05 06 07 08 09
Time (s)

Fig. 10. Voltage regulation improvement.

B. Current Supply Comparison

It is shown in Fig. 11 that the current supply from
STATCOM shows better stability when a fuzzy logic
controller is used instead of a PI controller. The current
supply fluctuates much more when a PI controller impacts
the power quality of the grid. With the FLC, a maximum of
10 percent improvement is achieved.

C. Reactive Power Supply and Absorption

It is shown in Fig. 12 that STATCOM is both supplying and
absorbing reactive power according to the needs of the grid.
The grid voltage profile determines this. When grid voltage
drops, STATCOM delivers reactive power to balance the
voltage level to 1 pu. Again, when the grid voltage is above
the regular value, STATCOM absorbs the reactive power to
get the voltage level back to 1 pu value. Using an FLC yields
a faster response to the injection and absorption of reactive
power.
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Fig. 12. Reactive Power Supply and Absorption.

6. Conclusions

In this paper, we have analyzed the characteristics of the
controller of STATCOM and how it operates to compensate
for the reactive power to maintain the voltage level of the
grid. Different controller methods have been discussed in
detail, and comparisons have been presented. Gradually, we
discussed the FLC of STATCOM and simulated a system
where a wind power plant is integrated into the grid.
Different parameters at the PCC bus have been measured,
especially the voltage profile of the grid. These results have
been compared with the outputs generated using a PI
controller. In section 4, the blocks of the different regulators
have been discussed along with their inputs and outputs.
Fuzzy membership functions and their relationship in the
FLC blocks have also been shown. In the result section, we
have demonstrated the grid power quality performance
improvement using an FLC. Other vital parameters have
been discussed, like the supply current from STATCOM and
the wind power plant outputs. The results in sections A and
B demonstrate that the FLC improves the voltage regulation
by a maximum of 6% and the current supply by a maximum
of 10% compared to PI controllers, making it a more optimal
option than a PI controller.

7. Future Works

In a previous study, we worked on the impact of STATCOM
on the power quality of the grid using a PI controller. This
study shows that the FLC performs better if the membership
functions are defined well. The results can be further
improved using the modifications in the membership
functions and adaptive control techniques. We plan to pursue
the field of controller design and improvement in future
studies. Therefore, we will be working on the modification
of the fuzzy logic controller as well as experimenting with
other advanced controller methods.

References

1. S. D. Ahmed, F. S. M. Al-Ismail, M. Shafiullah, F. A. Al-
Sulaiman and I. M. El-Amin, “Grid Integration Challenges of
Wind Energy: A Review,” in IEEE Access, vol. 8, pp. 10857-
10878, 2020, doi: 10.1109/ACCESS.2020.2964896.

2. Yuan, Huan & Guan, Zhe & Kong, Hanjie & Zhang, B. H. &
Huang, Renmou & Wu, Weiming & Li, Ye & Guo, Danyang.
(2015). Impact of renewable energy integration on overcurrent
protection in the distribution network. 5090-5095.
10.1109/CCDC.2015.7162835.

3. Z. Ding, Y. Guo, D. Wu, and Y. Fang, “A Market-Based
Scheme to Integrate Distributed Wind Energy,” in [EEE
Transactions on Smart Grid, vol. 4, no. 2, pp. 976-984, June
2013, doi: 10.1109/TSG.2012.2230278.

4. “IEEE Recommended Practice for Monitoring Electric Power
Quality,” IEEE Std 1159-2009 (Revision of IEEE Std 1159-
1995), wvol, mno., pp.1-94, 26 June 2009, doi:
10.1109/IEEESTD.2009.5154067.

5. H.Xu, Z. Dai, Y. Wang, and J. Chen, “Reactive Power Control
Strategy of Multi-reactive Power Source Cooperative Wind
Farm and Grid,” 2021 IEEE Sustainable Power and Energy
Conference  (iSPEC), 2021, pp. 763-769, doi:
10.1109/iSPEC53008.2021.9735782.

6. M. M. Islam, K. M. Muttaqi and D. Sutanto, “A Novel
Saturated Amorphous Alloy Core Based Fault Current Limiter
for Improving the Low Voltage Ride Through Capability of
Doubly-Fed Induction Generator Based Wind Turbines,” in
IEEE Transactions on Industry Applications, vol. 57, no. 3, pp.
2023-2034, May-June 2021, doi: 10.1109/TTA.2021.3057844.

7. X. Liang, “Emerging Power Quality Challenges Due to
Integration of Renewable Energy Sources,” in I[EEE
Transactions on Industry Applications, vol. 53, no. 2, pp. 855-
866, March-April 2017, doi: 10.1109/TIA.2016.2626253.

8. M. Behnke and A. Ellis, “Reactive Power Planning for Wind
Power Plant Interconnections,” 2008 IEEE Power and Energy
Society General Meeting - Conversion and Delivery of
Electrical Energy in the 21st Century, 2008, pp. 1-4, doi:
10.1109/PES.2008.4596325.

9. J. V. Milanovic and Y. Zhang, “Modeling of FACTS Devices
for Voltage Sag Mitigation Studies in Large Power Systems,”
in [EEE Transactions on Power Delivery, vol. 25, no. 4, pp.
3044-3052, Oct. 2010, doi: 10.1109/TPWRD.2010.2052395.

10. R. E. Hebner et al., “Technical Cross-Fertilization between
Terrestrial Microgrids and Ship Power Systems,” in Journal of
Modern Power Systems and Clean Energy, vol. 4, no. 2, pp.
161-179, April 2016, doi: 10.1007/s40565-015-0108-0.



70

11.

12.

13.

14.

15.

16.

17.

19.

20.

21.

Jawadul Hasan Saad, Pranjal Goswami Pranta, Md. Minarul Islam, Saeed Mahmud Ullah, Samsun Nahar, Md

R. Manuela Monteiro Pereira, C. Manuel Machado Ferreira,
and F. Maciel Barbosa, “Comparative study of STATCOM
and SVC performance on Dynamic Voltage Collapse of an
Electric Power System with Wind Generation,” in /EEE Latin
America Transactions, vol. 12, no. 2, pp. 138-145, March
2014, doi: 10.1109/TLA.2014.6749530.

P. Rao, M. L. Crow, and Z. Yang, “STATCOM control for
power system voltage control applications,” in [EEE
Transactions on Power Delivery, vol. 15,no. 4, pp. 1311-1317,
Oct. 2000, doi: 10.1109/61.891520.

Stephen, S., & Raglend, 1. (2016). A review on PI control of
STATCOM for voltage regulation. Journal of Chemical and
Pharmaceutical Sciences, 9, 334-340.

S. Pati, K. B. Mohanty, S. K. Kar, and S. Mishra, “Voltage and
frequency control of a micro-grid using a fuzzy logic controller
based STATCOM equipped with battery energy storage
system,” 2016 International Conference on Circuit, Power
and Computing Technologies (ICCPCT), 2016, pp. 1-7, doi:
10.1109/ICCPCT.2016.7530302.

Awasthi, A., Gupta, S., & Panda, M. (2015). “Design of a
Fuzzy Logic Controller Based STATCOM for IEEE9 Bus
System.” European Journal of Advances in Engineering and
Technology, 2, 62-67.

F. Hamoud, M. L. Doumbia, A. Chériti, and H. Teiar, “Power
factor improvement using adaptive fuzzy logic control-based
D-STATCOM,” 2017 Twelfth International Conference on
Ecological Vehicles and Renewable Energies (EVER), 2017,
pp. 1-6, doi: 10.1109/EVER.2017.7935920.

P. Ramanjaneyulu, T. Varaprasad, 2012, “Supervision of DC
link PI control in a D-STATCOM based Fuzzy Logic,”
International Journal of Engineering Research & Technology
(IJERT) Volume 01, Issue 09 (November 2012).

E. R. Mauboy, T. T. Lie and T. N. Anderson, “Stability
enhancement of a power system with wind generation using
ANN based STATCOM,” 10th International Conference on
Advances in Power System Control, Operation & Management
(APSCOM 2015), 2015, pp. 1-6, doi: 10.1049/ic.2015.0240.

S. Sumathi and Bansilal, “Artificial neural network application
for control of STATCOM in power systems for both voltage
control mode and reactive power mode,” 2009 International
Conference on Power Systems, 2009, pp. 1-4, doi:
10.1109/ICPWS.2009.5442763.

L. Comparatore, R. Gregor, J. Rodas, J. Pacher, A. Renault,
and M. Rivera, “Model based predictive current control for a
three-phase cascade H-bridge multilevel STATCOM
operating at fixed switching frequency,” 2017 [IEEE S8th
International ~ Symposium on Power Electronics  for
Distributed Generation Systems (PEDG), 2017, pp. 1-6, doi:
10.1109/PEDG.2017.7972540.

Nabhar, S., Akter, M., Begum, K., Hassan, M. and Alim, M.
(2023) “Fuzzy Synthetic Evaluation Model for Smart Washing

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Shafiullah and A. S. M. Jahid Hasan
Machine.” American Journal of Operations Research, 13, 93-
109. doi: 10.4236/ajor.2023.134006.

B. Nhlapo and K. Awodele, “Review and comparison of the
South African grid code requirements for wind generation with
the European countries' grid codes,” 2020 International
SAUPEC/RobMech/PRASA Conference, Cape Town, South
Africa, 2020, pp- 1-6, doi:
10.1109/SAUPEC/RobMech/PRASA48453.2020.9041080.

S. Duan et al., “Current Situation and Prospect of Grid Codes
for a Power System with Integrated Photovoltaic Generation,”
2020 International Conference on Smart Grids and Energy
Systems (SGES), Perth, Australia, 2020, pp. 832-836, doi:
10.1109/SGES51519.2020.00153.

J. Rocabert, A. Luna, F. Blaabjerg, and P. Rodriguez, “Control
of power converters in AC microgrids,” IEEE Trans. Power
Electronics, vol. 27, no. 11, pp. 4734-4749, 2012.

H. H. Choi, E. K. Kim, D. Y. Yu, J. W. Jung, and T. H. Kim,
“Precise PI speed control of permanent magnet synchronous
motor with a simple learning feedforward compensation,”
Electrical Engineering, vol. 99, no. 1, pp. 133-139, 2017.

Y. Han, P. Shen, and J. M. Guerrero, “Stationary frame current
control evaluations for three-phase grid-connected inverters
with PVR-based active damped LCL filters,” Journal of
Power Electronics, vol. 16, no. 1, pp. 297-309, 2016.

X. Yuan, W. Merk, H. Stemmler, and J. Allmeling,
“Stationary-frame generalized integrators for current control
of active power filters with zero steady-state error for current
harmonics of concern under unbalanced and distorted
operating conditions,” IEEE Trans. Industry Applications, vol.
38, no. 2, pp. 523-532, 2012.

R. Redl, “Feedforward control of switching regulators,”
Analog Circuit Design, Springer Netherlands, pp. 321-338,
2012.

G. Shen, D. Xu, L. Cao, and X. Zhu, “An improved control
strategy for grid-connected voltage source inverters with an
LCL filter,” IEEE Trans. Power Electronics, vol. 23, no. 4, pp.
1899-1906, 2008.

J. Zhang, L. Li, D. G. Dorrell, and Y. Guo, “A PI controller
with current feedforward to improve the steady-state error
performance for the current controlled direct matrix
converter,” 20th Int. Conf. Electrical Machines Systems,
Sydney, Australia, 2017.

J. Zhang, L. Li, D. G. Dorrell, and Y. Guo, “Modified PI
controller with improved steady-state performance and
comparison with PR controller on direct matrix converters,” in
Chinese Journal of Electrical Engineering, vol. 5, no. 1, pp.
53-66, March 2019, doi: 10.23919/CJEE.2019.000006.



GENERAL INFORMATION

1. Publication: The Dhaka University Journal of Applied Science and Engineering is published half-yearly in January and July as two issues
per annual volume. This will be published both in printed form and soft copy form (archived in the Library of the University of Dhaka as
digital form for the reader). The electronic version will be open accessed in the website of the journal (https://jase.du.ac.bd/ and
https://www.banglajol.info).

2. Editorial Correspondence: Editorial correspondences should be addressed to the Editor, The Dhaka University Journal of Applied
Science and Engineering, Dean Office, Faculty of Engineering and Technology, University of Dhaka, Dhakal000, Bangladesh. Email:
editor.dujase@gmail.com or deanengg@du.ac.bd, Web: https://jase.du.ac.bd, Phone: +8801518333993.

3. Scope: The Dhaka University Journal of Applied Science and Engineering publishes original research papers and short communications
submitted by the teachers and researchers of the University of Dhaka as well as distinguish researchers from home and abroad on any area
of Applied Sciences, Engineering and Technology.

4. Submission Requirements

The article should be on original research work that enhances the existing knowledge in the given subject area. Review articles and survey
papers are acceptable, even though new data/concepts are not presented. Articles that have not been submitted for publication or published
elsewhere and expanded versions of conference proceedings are eligible for submission. Experiments, statistical and other analyses ought to
be of high technical standard and are described in sufficient detail. The article should have title, abstract, appropriate keywords (3 to 5),
appropriate introduction, research model/methods, results and discussion, conclusion, acknowledgement (if any), references and
Supplementary data (if necessary). The author should follow manuscripts write-up guideline (Similar to IEEE double column format). All
the pictures, diagrams and table should be clear and properly labeled. The article is presented in an intelligible fashion and is written in
Standard English (either British or US). Appropriate references to related prior published works must be included.

Manuscript Format

Manuscript must be typed with font size 11 on A4 (210 mm x 297 mm) page with moderate margins and the length of the manuscript should
not exceed 10 pages.

Title Page: Should contain a concise and informative title of the article, name(s), email addresses with academic or professional affiliation(s).
The corresponding author should be mentioned clearly with email address, phone number, affiliation and postal address. Indicate all
affiliations with a lower-case superscript letter immediately after the author's name and in front of the appropriate address.

Abstract: The title page should be followed by a page containing only the full title (short communication) and in case of a full paper, an
abstract of up to 150 words briefly pointing out purpose, principles, main results and major conclusion. Nonstandard or uncommon
abbreviations should be avoided, but if essential they must be defined at their first mention in the abstract itself.

Keywords: 3-5 keywords should be included at the bottom of the abstract page. Please carefully select the appropriate keywords which can
be used for categorizing and indexing the submitted manuscript.

Introduction: A short literature review of latest and relevant prior works should be included. The motivation behind the research should be
included in short at the end of introduction.

Materials and Methods: Materials used in the research work should be mentioned clearly and the methodology followed should be described
in such a way that the work can be reproduced easily. Adaptation of literature methods should be mentioned with proper reference and any
change made should be described clearly.

Result and Discussion: A clear and concise result discussion should be included, where the results obtained should be justified and authors
should establish the significance of the results.

Headings: Your article should be divided into clearly defined and numbered sections. Subsections should be numbered 1.1 (then 1.1.1,1.1.2,
...), 1.2, and so on. Each heading must be in a separate line and clearly describe the contents inside the section/subsection.

Tables, graphs and figures: Should be kept to minimum. Tables of data represented by graphs should not be included unless they are
absolutely necessary. Please submit tables as editable text and not as images. Good quality artwork files (jpg/png preferable) with a minimum
of 300 dpi should be provided.

Conclusion: This section should summarize the outcome of the research and future directives for further expansion of the research. It should
not repeat any comment already included in the abstract and result discussion sections.

Acknowledgement: Those individuals who provided help during the research (laboratory facilities, writing assistance or proof reading the
article, etc.) should be acknowledged with due respect. Funding sources should also be mentioned with grant number (if any).

References: All references must be numbered consecutively according to their appearance in the text. Reference citations in the text should
be indicated by square brackets, e.g., [1, 4, 5], and included in a numbered reference list at the end according to the following style:

For a paper in a journal: J. G. Moreno-Torres, T. Raeder, R. Alaiz-Rodriguez, N. V. Chawla, and F. Herrera, “A unifying view on dataset
shift in classification,” Pattern Recognition, vol. 45, no. 1, pp. 521-530, 2012.

For a paper in a conference: R. Agrawal and R. Srikant, “Fast Algorithms for Mining Association Rules,” Proc. 20th Int’l Conf. Very Large
Data Bases (VLDB '94), pp. 487-499, 1994.

For a book: B. Klaus and P. Horn, Robot Vision. Cambridge, MA, USA: MIT Press, 1986.



For a chapter in a book: L. Li, J. Yang, and C. Li, “Super-resolution restoration and image reconstruction for passive millimeter wave
imaging,” in Image Restoration— Recent Advances and Applications, A. Histace, Ed., Rijeka, Croatia: InTech, pp. 25-45, 2012.

Cover Letter
A cover letter signed (scanned signature) by the corresponding author must be submitted with the manuscript. The letter should state how the
paper fits the Aims and Scope of the journal. Failure to include the cover letter will result in returning the paper to the author.

5. Field of Interest

Electrical and Electronic Engineering: Electron Devices, Optoelectronics & Photonics, Photovoltaic’s, Electronics, Electronic Systems,
Circuits and Systems, Smart Grid and Sustainable Energy, Renewable Energy, Biomedical Systems, Biometrics, Signal Processing,
Healthcare System, Remote Sensing & Geosciences, Communication Systems, Antennas and Wireless Propagation, Device Fabrication, etc.

Applied Chemistry and Chemical Engineering: Chemical Engineering, Biochemical Engineering, Electrochemistry and Electrochemical
Engineering, Chemical Technology, Chemical Industry and Market Analysis, Catalysis, Chemo metrics and Computational Chemistry,
Nanotechnology and Materials Science, Analytical and Organic Chemistry, Fuel Technologies, Unit Operations and Separation Processes,
Environmental Chemistry, Polymer Chemistry, Nuclear Chemistry, Climate Change, etc.

Computer Science and Engineering: Advanced Computer Architecture, VLSI, Sensors & Embedded Systems, Networking, Internet
Technologies, Cloud Computing and Data Center Technologies, Artificial Intelligence, Machine Learning, Databases, Big Data Analysis,
Data Mining and Knowledge Discovery, Intelligent Systems, Human Computer Interactions, Pattern Recognition, Image Processing,
Computer Graphics, Computer Vision, Bioinformatics, DNA Computation, Software Engineering Technologies, Data Structure and
Algorithms, Parallel and Distributed Computing, Software and Systems Security, Blockchain, Quantum Computing, etc.

Nuclear Engineering: Infrastructure Development for Nuclear plant, Nuclear Education Responses, Potentiality and Challenges, Nuclear
Energy Applications in Industries and Agricultures, Nuclear Medicine, Reactor Physics, Thermal Hydraulics, Nuclear Safety, Nuclear I &
C, Nuclear Physics, Fusion, and Laser Technology, Nuclear Fuel Cycle and Radioactive Waste Management, Nuclear Fuel and Reactor
Materials, Radiation Application, Radiation Protection, Nuclear Structural Analysis and Plant Management & Maintenance, Nuclear Policy,
Economics, and Human Resource Development, etc.

Robotics and Mechatronics Engineering: Mechatronics, Automation, Control Systems, Robotic Systems Modeling, Optimization,
Simulation and Experiments, Industrial Automation, Process Control, Manufacturing Process. Aero-space Robotics and Challenges, Military
Robots and Drones, Humanoid Robot, Human-Robot Interaction, Medical Robotics, Intelligent Robotic System.

6. Submission of Manuscript: Authors should submit two soft copies (pdf format) of the manuscripts to the editor
(editor.dujase@gmail.com or deanengg@du.ac.bd and https://jase.du.ac.bd/) following the style and format of the journal. One copy must
exclude author’s names, affiliations and acknowledgement. This copy will be used for review process. The authors, at the time of submitting
their manuscript, must certify that the work was carried out by the author(s) and the contents of the paper were not published before or
submitted for publication in any other journal (consent of every author is required for submission). If the article was previously rejected in
this journal after peer review with encouragement to update and resubmit, then a complete “list of updates” must be included in a separate
document. The list of updates should have the following regarding each comment: a) reviewers’ concerns, b) authors’ response to the
concerns, ¢) actual changes implemented. In order to assist the referees, authors are requested to furnish copies of relevant unpublished or
inaccessible references.

Submission Classification: Please classify your manuscript according to the five major areas given in 5: Field of Interest. Hence, you should
select anyone among EEE, ACCE, CSE, NE and RME.

7. Editorial Process/Review Process: All papers will be peer reviewed. The editor will process the paper in consultation with the
departmental member of the editorial board, and the authors should incorporate necessary changes as suggested by the reviewers as well as
the editorial board. The editorial board follows “blind review” process where the authors are not revealed to the reviewers in order to allow
concentration on content. The submitted paper will be peer-reviewed by at least two reviewers. If they made contradictory reports with each
other (80 to 100% difference) then the editorial board may assign third reviewer to make a decision. If both reviewers reject the paper, it will
be rejected. Similarity check should be done on each paper using existing software of the University of Dhaka or other reputed one and the
paper will be not be selected for publication until its similarity index is less than or equal to 25%. Final decisions on the papers will be
made by the editorial board on the basis of the reports of the reviewers and similarity index. The editorial board will notify to all authors of
acceptance or rejection of papers.

8. Proofs: Corresponding author will receive a draft copy of the article after editing by the journal committee for final printing, which should
be corrected and returned within seventy-two hours of receipt. No new material should be inserted in the text at the time of proof reading,
except where prior permission has been obtained from the editor.



