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Abstract: An intelligent control strategy is proposed in this paper which suggests the Optimum Power
Quality Enhancement (OPQE) of grid-connected hybrid power systems with solar photovoltaic, wind
turbines, and battery storage. Unified Power Quality Conditioner with Active and Reactive power
(UPQC-PQ) is designed with Atom Search Optimization (ASO) based Fractional-order Proportional
Integral Derivative (FOPID) controller in the proposed Hybrid Renewable Energy Sources (HRES)
system. The main aim is to regulate voltage while reducing power loss and reducing Total Harmonic
Distortion (THD). UPQC-PQ is used to mitigate the Power Quality (PQ) problems such as sag,
swell, interruptions, real power, reactive power and THD reductions related to voltage/current by
using ASO based FOPID controller. The developed technique is demonstrated in various modes:
simultaneous to improve PQ reinforcement and RES power injection, PRES > 0, PRES = 0. The results
are then compared to those obtained using previous literature methods such as PI controller, GSA,
BBO, GWO, ESA, RFA, and GA and found the proposed approach is efficient. The MATLAB/Simulink
work framework is used to create the model.

Keywords: PV; wind; BESS; UPQC-PQ; sag; swell; disturbances; total harmonic distortion

1. Introduction

Renewable Energy Sources (RES) based Distribution Generation (DG) is gaining a
prominent role nowadays with the technological development, environmental concerns
and huge demand for electricity to the utility grid. RESs will reduce pollution and global
warming while also providing substantial economic benefits. RESs-based distributed
generation (DG) is becoming more important as a result of global economic challenges and
the ecological consciousness [1]. Many RESs, such as wind energy, photovoltaic energy, fuel
cells (FCs), and biomass, have been introduced and incorporated into traditional power
networks [2]. In terms of being AC or DC, each RES has distinct characteristics that set
it apart from other sources. PV and FC generated DC voltages of varying ranges, while
wind energy produces either AC or DC depending on the generator used in the wind
energy conversion system (WECSs) [3]. These variations render linking these RESs to the
electrical grid challenging. Another issue that arises when incorporating these RESs into
the electrical grid is the power produced from them becoming unstable due to their reliance
on changing environmental factors, such as temperature and irradiance in PV systems and
wind speed in WECSs. The use of power electronic equipment to change the DClevels of all
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DC sources using certain converters is a vital solution to such problems. These converters
can also be used to maximize the amount of power produced from each RES [4].

The output of these RESs is then connected to the electrical grid using DC-AC inverters.
The power electronic devices used to connect various forms of renewable energy sources to
the grid would exacerbate PQ issues such as voltage sags/swells, disturbance harmonics,
and so on. If grid requirements or codes are not met, these issues can result in continuous
fluctuations in power produced and tripping of some RESs [5]. Flexible AC Transmission
Systems (FACTS) devices [6] are modular devices that can be attached to the whole system
to support the PQ and increase system performance. There are three types of network
interfaces for FACTS devices: series, parallel, and a mixture of series and parallel. Until
being incorporated into the scheme, each of these three categories has its own set of
characteristics and uses that must be defined and regulated. The transmission line cap
is increased and the line reactance is changed using Series FACTS equipment. Static
Synchronous Series Compensator (SSSC) and Dynamic Voltage Restorer (DVR) are two of
them, as seen in [7]. During voltage sag/swell conditions, shunt forms are used to sustain
the voltage by sharing reactive power with the device. To boost the relation of certain RESs
to the grid, shunt compensators such as Static compensators (STATCOM), Distribution
STATACOM (DSTATCOM), and Thyristor Controlled Reactor (TCR) were implemented [7].

These FACTS devices’ series/shunt hybrid merged the characteristics of series and
shunt devices like centralized Power flow controller (UPFC) and distributed power flow
controller (DPFC) [8]. UPFC is a device that combines STATCOM and SSSC through
a DC connection to exchange active/reactive data with the system. By removing the
DC connection capacitor and connecting STACOM and SSSC through a transmission
line with third frequency components, certain changes to the configuration of the UPFC
are made. Since the DC connection has been eliminated, the STATCOM and SSSC will
now be mounted separately. According to the preceding discussions, certain FACTS
devices are needed to address the PQ issues in grid-connected hybrid RESs (HRESs). The
controller used defines the output of the various types of FACTS instruments. Traditional
PI controllers and modified fractional-order PI controllers (FOPI) are the most common due
to their ease of use and high accuracy, with the FOPI model having the edge [9]. Adjusting
or Tuning the FOPI controller parameters in FACTS devices to minimize PQ problems in
grid-connected HRESs is a non-linear complex optimization problem that necessitates the
use of metaheuristics optimization techniques. In several HRESs implementations, many
optimization strategies for optimum tuning of PI and FOPID controller parameters have
been introduced. This paper majorly focuses on compensating various PQ issues like sag,
swell, disturbances, nonlinear and unbalance load conditions in the HRES interfaced grid
connected system. The proper control scheme and Truth unit were certainly chosen to
mitigate the system’s PQ concerns.

Main Contribution and Organization of the Paper

This paper mainly focuses on the mitigation of PQ problems in HRES systems due to
voltage/current related issues, sag, swell, disturbances, non-linear load, unbalance load
and THD reduction. The proposed ASO based FOPID controller with UPQC-PQ device
which is effectively used to mitigate these problems. The main contribution of the paper is
presented as follows:

• RES is designed with PV, wind and battery as an energy storing device and can be
utilized when the sources are absent. BESS is used to store the excess energy generated
from the sources and can be utilized to meet the required demand under critical
environmental conditions.

• RES is connected to the grid system and at the PCC a non-linear load, unbalanced
load or both may be connected. The integrated system may introduce harmonics and
unbalances under distorted supply voltages. This affects the stability and reliability of
the system which can be overcome by the utilization of ASO based FOPID controller.
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• The proposed control strategy is designed and validated by connecting non-linear
load and unbalanced loads at the PCC.

The remaining portion of the paper is organized as follows: Section 2 revises the
relevant works on PQ mitigation. Section 3 includes a description of the proposed system
architecture. The mathematical simulation of RES components in the proposed design
is discussed in this section, as well as a comprehensive overview of the UPQC-PQ. In
Section 4, the proposed architecture with a control structure is defined in detail. In Section 5,
the FOPID controller is defined, as well as how to use the optimization algorithm. A
detailed overview of ASO is provided in Section 6, along with updating functions. In
Section 7, the suggested method’s findings and debates are evaluated and checked. Finally,
Section 7 brings the article to a close.

2. Recent Research Works: A Brief Review

In practice, there are several methods to compensate for the PQ problems with various
custom power devices (Table 1). This section describes few methods related to mitigating
PQ problems.

Table 1. Brief review of previously published work.

Proposed Methodologies Year Reference

• They proposed modelling, control and design analysis of single-stage, three-phase
renewable energy sources based on DG where the inverters are controlled to perform
multi-functions using an active power filter.

• To improve the power quality at PCC without affecting its normal operation of real power
transfer they proposed a novel control strategy with a DG and grid interface inverter.

2013 [10]

• They proposed a hybrid renewable energy system consists of PV, Wind and
mini-hydro system

• They have explored how to improve load voltage, current and mitigating harmonics using a
Static compensator

2015 [11]

• They proposed distributed control strategy in DC microgrids and obtaining
large-signal stability

• To maintain the load power constant they introduced a feedback controller which is
proposed to stabilize the system.

2016 [12]

• They presented optimal sizing of PV based UPQC-DG by power angle control
• They provided an optimum sizing technique for UPQC-DG which reduces reactive power

disturbance using shunt and series converters
2018 [13]

• They proposed PV fed UPQC for Power quality improvement
• JAYA Algorithm was proposed which mainly consists of two objective functions used in

shunt and series inverter control of PV-UPQC for the improvement in voltage and control at
various operational conditions.

2018 [14]

• They proposed a hybrid renewable energy system consists of PV, Wind and Fuel cells for
enhancing the PQ using the HIL testing platform.

• They proposed a Synchronous reference frame theory-based shunt active power filter to
mitigate the current harmonics in the source current

• The control strategy is based on ANFIS which is validated through HIL with the help of
OPAL-RT hardware controller

2019 [15]

• They proposed a microgrid integrated with PV, Wind and BESS.
• They implemented a modified version of the adaptive filtering technique with Momentum

based Least Mean Square control technique which is used to provide the control signal to
grid side voltage source converter

2019 [16]

• They proposed grid connected wind system and Battery as energy storage that can be
utilized in the absence of wind.

• They have addressed various power quality issues and mitigation using DSTATCOM
with BESS

2019 [17]



Energies 2021, 14, 5812 4 of 29

Table 1. Cont.

Proposed Methodologies Year Reference

• They presented UPQC strategy for power quality improvement based on dq0
detection method

• The fundamental and harmonic detection on the power supply side current and load side
voltage are performed with the help of Space Vector Pulse width Modulation (SVPWM)

2020 [18]

• They have presented Fuzzy Logic controller (FLC) based UPQC in the distribution system
for enhancing the concern of the power quality.

• UPQC was outlined by combining a series of APF and shunt APF. The adaptable FLC is
composed of the series APF control of voltage distortion

• The operation of Shunt APF was controlled by d−q axes current from load current and
DC-interface voltage was maintained through adaptable FLC.

2020 [19]

Some of the commonly identified problems:

• In static VAR compensator voltage regulations were not done properly
• Series APF were only used for low power applications
• Conduction losses are higher when multi level converters are utilized

In the recent decade, the usage of renewable energy sources is emerging, it has many
advantages. But while the integration of renewable source to the electric grid it will
create some power quality issues. So, in the pieces of literature, many techniques have
been proposed, but the problem is not yet completely solved. Hence in this paper, an
optimization-based control strategy is proposed to enhance the power quality while the
integration of renewable energy sources.

3. Proposed HRES System Model with Description

The utilities also changed as a result of the increased load demand in the grid as a result
of the urbanization and industrialization process in real-time standards [20]. In the recent
modern power grid, traditional generation sources are insufficient to satisfy the necessary
power demand, resulting in increased protection and power reliability concerns [21]. In
recent decades, traditional generation technologies have released a significant amount
of contaminants, which have been described as major concerns. Distributed and green
energy sources are used to minimize emissions to produce a significant volume of energy
to substitute for load demand on the utility side and offset these issues in the grid [22].
The HRES system is the most sophisticated system, capable of increasing the system’s
performance and reliability. The HRES can be paired with a delivery system to satisfy
necessary load demand from the customer side, but this poses a problem of power quality
reliability and versatility. Power quality problems occur as a result of HRES adaptation in
a grid-connected environment and must be minimized to ensure the system’s reliability
and flexibility. The Reality gadget is one of the most popular solutions for voltage sag, sale,
interference, disruption, and other PQ issues. UPQC-PQ (real and reactive power) is thus
implemented in the HRES in this paper to compensate for power quality issues such as
voltage swell, voltage sag, voltage interference, and voltage disruptions. With the support
of the UPQC-PQ system, PQ problems are reduced. The UPQC-PQ system gets its name
from the fact that it deals with actual and reactive power control theory. The HRES is made
up of PV panels and a wind turbine that is attached to the grid. The battery is built with
HRES to satisfy load demand and under critical environmental conditions of PV and Wind.
PQ problems are rising due to nonlinear load, unbalanced loads when connected to grid
interfaced HRES system [16]. This leads to a reactive power mismatch issue and increased
voltage instability.

As a result, to ensure reliable service, power quality problems must be minimized,
which is achieved with the aid of UPQC-PQ. The UPQC-PQ could be the best instrument
for improving voltage control in grid-interfaced HRES while still resolving power quality
issues. With the production of the FOPID controller, the proper management of UPQC-PQ
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is strengthened. With the aid of ASO, the controller makes the most possible improvement.
Figure 1 illustrates a block diagram of the proposed procedure. HRES are used to meet the
global load requirements. Excess power produced by the PV and WT is stored in the battery
and can be utilized during critical conditions when required. The power quality challenges
of the grid-connected HRES system are a major challenge in ensuring stability and efficiency.
On the grid side, fault conditions, non-linear load, and critical load lead to PQ issues in
the HRES. Power quality problems must be overcome in a grid-interfaced HRES system to
work efficiently. The UPQC-PQ is equipped with HRES interfaced grid-connected system
that compensates for sag, swell, nonlinear, unbalance loads and disturbance in the PQ. The
UPQC-PQ uses series and shunt filer control methods to compensate for PQ problems.
Filters are given the best gain parameters for injecting necessary power to compensate PQ
issues using the FOPID controller whose parameters can be calibrated with ASO, which is
used to choose the right values for low-power control operation.
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3.1. Modeling of PV

PV is the best alternative option for generating electricity from solar energy without
releasing greenhouse gases, durability with non-rotating units, long lifespan, good effi-
ciency, and low maintenance, among the numerous renewable resources. To achieve the
appropriate voltage, the PV system consists of cells connected in series [17]. The PV plane
of the final output voltage is calculated by multiplying the terminal voltage by the output
current. The PV panel’s built model is depicted in Figure 2.
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The design PV panel current and terminal voltage is computed based on the Equa-
tions (1) and (2),

IP = ISC − I0

{
exp

[
Q
akt

(VP + IPRSE)− 1
]}
− VP + ISCRSE

RSH
(1)

VP =
akt
Q

ln
{

ISC
IP

+ 1
}

(2)

where Q is the electron charge, k is the Boltzmann’s constant and is the diode ideality
component, t is the temperature in Kelvin, RSE is the series resistance, RSH is the shunt
resistance, ISC is the current, and VP is the cell voltage. The PV panel’s generated power is
calculated as (3)

PPV(t) = Npv(t)× Ipv(t)×Vpv(t) (3)

where PPV is the power of PV, NPV(t) is the number of cells in the PV array, IPV(t) is the
current of PV and VPV(t) is the voltage of PV. Extracting maximum power from the grid
is not happens at all times related to available current and load. To extract the maximum
power of PV under load conditions, maximum power point tracking is normally used.
Various types of methods are available, in this proposed method perturb and observer
method is used.

3.2. Modelling of WT

The output power was provided by the wind turbine based on wind speed at a certain
hub height [18]. The wind speed is related to the following Equation (4), based on the
wind turbine,

PW T(t) =


0, V < Vcutin or V > Vcutout

PMAX
WT

(
PCO

WT−PMAX
WT

Vcutout−Vr

)
(V(t)−Vr

PMAX
WT

(
V(t)−Vcutin
Vr−Vcutin

)3
, Vcutin ≤ V ≤ Vr

), Vr < V ≤ Vcutout (4)

where PCO
WT represents wind turbine power at cutout voltage, V(t) represents wind speed at

time t, Vr represents nominal wind speed, Vcutout represents wind turbine cutout speed,
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Vcutin represents wind turbine cut-in speed, and PMAX
WT represents wind turbine maximum

power. On the grid side, PV and wind turbine systems are used to balance load demand.
As load demand exceeds HRES’s ability to compensate, a battery is also attached to the
device. The battery system’s statistical modelling is presented in the section below.

3.3. Modelling of BESS

When the power produced by the HRES is insufficient, the battery supplies to load
demand. In the case of the system’s necessary power demand, the capacity of the battery
was computed and considered using the reference autonomy day (AD) shown below
Equation (5).

Bcapacity =
Autonomyday× PL

η I × ηB × DOD
(5)

where DOD stands for the battery’s depth of discharge rate, ηB known as the battery’s
efficiency, ηI stands for inverter efficiency and PL stands for demand strength. The average
number of days that a battery will supply power to compensate for load demand is referred
to as AD [19]. The battery is used to store the excess power produced by the RES. The
battery capacity is calculated using Equation (6).

BP = PPV(t) + PWT(t)−
PL(t)

η I (6)

where PL(t) is the system’s load demand and BP what is the battery capacity. State of
Charge (SOC) is a critical parameter in the battery that is related to extra energy production
and energy deficiency in HRES, as seen in (7).

SOC =

 SOC(t− 1)(1− µ) +
(

PPV(t) + PwT(t)− PL(t)
ηt

)
× ηB, PPV(t) + PwT(t) > PL(t)

SOC(t− 1)(1− µ) +
(

PL(t)
η I − PPV(t) + PwT(t)

)
× ηB, PPV(t) + PwT(t) < PL(t)

(7)

where µ is the self-discharge rate of the battery. PQ such as sag, swell, voltage interference,
and so on can affect the proposed design method. The power quality problems in the
system must be resolved to improve the system’s reliability, which was achieved by the
use of the UPQC-PQ unit in the HRES system. The UPQC-PQ modelling is presented in
the section below.

3.4. Modelling of UPQC

Enhancing the power efficiency in the power grid is a critical solution that can be
done with the aid of power electronic-based power conditioning appliances. In this article,
a UPQC-PQ solution is chosen to compensate for power quality problems in the HRES
framework. This device will compensate for PQ issues. To compensate for power quality
problems in the system, a range of FACT devices are available. Similarly, the UPQC-PQ can
be used to alleviate voltage and current PQ problems. Sag, swell, unbalance, flickers, and
harmonics are all PQ problems. In general, the UPQC-PQ uses two forms of Voltage Source
Inverters (VSI): shunt and series Active Power Filter (APF), as well as a DC connection
capacitor [20]. The key factor that regulates the voltage between two filters is the DC-link
capacitor. The UPQC-configuration is represented in Figure 3.

The vector diagram of the UPQC-PQ with over-voltage compensation is illustrated
in Figure 4b. The general mathematical model of UPQC-PQ is presented in this section.
The power system with the UPQC-PQ device can be divided into different units such as
generation with power supply system, series, and shunt active filters. The power supply
system is mathematically modelled with Kirchhoff’s law which is presented in (8) and (9),

Vi f = ei − Ls dis
dt
− Rs Iis −Vih (8)
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Iis = IiL − Iih (9)

where Iih is described as output current of shunt active filter, IiL is described as load current,
Iis is described as line current, Vih is described as the output voltage of series active filter, eį

is described as source voltage, LS is described as the inductance of the transmission line, Rs

is described as the resistance of the transmission line, i in the subscript is described as a,
b and c phases in the power system illustrated in Figure 4a. The equivalent circuit of the
UPQC-PQ is illustrated in Figure 4b. The source current and load voltage are regulated by
a series and shunt active filter in this UPQC-PQ system. The series and shunt active filters
provide necessary voltage and current when power quality problems arise in the power
system [21,22]. I(ch) and I(s) are often used to reflect load and source currents, respectively.
I(ƒ) reflects the injected current of a shunt active power filter, and V(c) represents the
injected voltage of a series active power filter. The injected voltage of a series active filter,
denoted by V(ch), is used as the reference load voltage. The load’s power factor is defined
as cosφ(n) and the source voltage factor fluctuation is described as k. Equation (10) shows
the difference of sources voltage to reference voltage to the ratio of the reference voltage.
The vector diagram of the UPQC-PQ is illustrated in Figure 4c which denotes the voltage
compensation. When over-voltage V’G has occurred in the system then the series inverter
injects the negative voltage V′seriesinverter into the grid to eliminate it.

V(c) = V(ch)−V(s) = −kV(ch) < 00 (10)
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ries and shunt active filters provide necessary voltage and current when power quality 
problems arise in the power system [21,22]. I(ch) and I(s) are often used to reflect load and 
source currents, respectively. I(ƒ) reflects the injected current of a shunt active power fil-
ter, and V(c) represents the injected voltage of a series active power filter. The injected 
voltage of a series active filter, denoted by V(ch), is used as the reference load voltage. The 
load’s power factor is defined as cosϕ(n) and the source voltage factor fluctuation is de-
scribed as k. Equation (10) shows the difference of sources voltage to reference voltage to 
the ratio of the reference voltage. The vector diagram of the UPQC-PQ is illustrated in 
Figure 4c which denotes the voltage compensation. When over-voltage V’G has occurred 

Figure 3. Structural model of UPQC.
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The above equation can be solved by using Equation (11)

k =
V(s)−V(ch)

V(ch)
(11)

In UPQC-PQ designs, the losses are omitted. The power requirement of active power
and load are considered equal to PCC input. The PCC side current is described as below
Equation (12)

I( f ) =
I(ch)
1 + k

cos φ(n) (12)

In the UPQC, series and shunt active power filter apparent power is formulated as
(13) and (14),

A(c) = P(c) + jQ(c) (13)

A( f ) = V(ch)I( f ) (14)

where Q(c) = V(c)I(s); Q(c) = V(c)I(s)cosφ(s), P(c) is described as the active power of series
filter and Q(c) is described as reactive power of series filter, The difference among input
load current as well as the source current with the load harmonics current as well as the
reactive current is described as I(ƒ). In the UPQC-PQ device, the series and shunt active
power filter is controlled with ASO based FOPID controller. Then the controller is used to
improve the stability of the system by compensating power quality issues.

4. Control Strategy

The load demand of the delivery system has risen in recent years as a result of modern
industrialization and urbanization. The HRES is selected to satisfy electricity load needs
in the delivery grid while avoiding pollution issues. The HRES provides the necessary
power while avoiding unwanted carbon emissions and global warming issues. The HRES
dilemma is applied to grid-connected networks, posing a problem with reliability and
power efficiency. The issue of power efficiency is a crucial one that must be resolved for
the system’s reliability and versatility to be sustained. With the support of the UPQC-PQ
system, power quality issues must be resolved. The implementation of a proper control
strategy in the framework increases the performance of the UPQC-PQ computer. With
UPQC-PQ and the proposed controller, the proper power efficiency enhancement of HRES
with a grid connection is accomplished. In the HRES method, the suggested controller
operates in combination with the FOPID controller and ASO. The UPQC-PQ control has
two controllers: series APF and shunt APF. In the HRES method, control methods are used
to fix power quality problems. The following section provides a more detailed overview
of the sequence as well as the shunt active power filter. This section includes a detailed
summary of both series and shunt active power filters.

4.1. Control Strategy of Series Active Power Filter

Figure 5 depicts the series active power filter-based control mechanism. Initially, we
measure the reference voltage at first. After the three-phase voltage is measured, it is
converted into d-q axes using the dq transformation method (Clarke transformation) [23].
In this method, power filters are often used to monitor the UPQC-PQ to address power
quality issues in the system [24]. Equation (1) shows the mathematical representation of
the dq transition mechanism from the three-phase voltage (15), V0

Vd

Vq

 =
2
3

 1
2

1
2

1
2

sin(αt) sin
(
αt− 2π

3
)

sin
(
αt + 2π

3
)

cos(αt) cos
(
αt− 2π

3
)

cos
(
αt + 2π

3
)
 Va

Vb

Vc

 (15)

where Vd is described as direct axes voltage, Vq is described as quadrature axes voltage, Va,
Vb and Vc is described as three-phase voltages.
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The d axis voltage is represented as a direct voltage as well as the alternating compo-
nent voltage. The d axis voltage can be smoothing by the Low Pass Filter (LPF) which is
mathematically formulated as (16)

Vd(dc) = Vd −Vd(ac) (16)

where Vd(ac) is considered as ac component voltage and Vd(dc) is considered as dc component
voltage. After that, the voltage is changed into three phases as (17) VRa

VRb

VRc

 =
2
3

 sin(αt) 1
2 1

sin(αt) sin
(
αt− 2π

3
)

1
cos(αt) cos

(
αt− 2π

3
)

1

 Vd(dc)

Vq

Vo

 (17)

where, VRa, VRb, VRc is denoted as the three-phase reference voltages. The hysteresis
band of the voltage is controlled using the control pulses which are calculated and tuned
by FOPID with ASO. Similarly, the shunt active power filter with a control algorithm is
presented in the following section.

4.2. Control Strategy of Shunt Active Power Filter

The shunt active power filter control strategy with the proposed controller is illustrated
in Figure 6. The three-phase currents and voltages are changed into α and β which are
described in the following Equations (18) and (19) [25], Vs0

Vsα

Vsβ

 =

√
2
3


1√
2

1√
2

1√
2

1 − 1
2 − 1

2

0
√

3
2 −

√
3

2


 Vsa

Vsb

Vsc

 (18)

 Il0

Ilα

Ilβ

 =

√
2
3


1√
2

1√
2

1√
2

1 − 1
2 − 1

2

0
√

3
2 −

√
3

2


 ILa

ILb

ILc

 (19)
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where, Ilα, Ilβ is considered as phase neutral currents, ILa, ILb, ILc is described as three-phase
load currents Vsα Vsβ is considered as phase neutral voltages and Vsa, Vsb, Vsc is considered
as three-phase supply voltages [26]. Based on phase neutral voltages and load currents, the
actual and unconsidered powers of instantaneous values are computed. In the shunt active
filter, the real and reactive power is computed created using (20).[

P
Q

]
=

[
Vsα Vsβ

−Vsβ Vsα

][
Ilα

Ilβ

]
(20)
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After that, the reference currents are computed based on Equation (21) IRa

IRb

IRc

 =

√
2
3

 1 0
− 1

2

√
3

2

− 1
2 −

√
3

2

[ IRα

IRβ

]
(21)

where IRa, IRb, IRc is represented as the current reference of the shunt active power filter.
Based on the reference current, the error current is computed which must be compensated
with the FOPID controller with the ASO algorithm [27]. In the shunt active power filter,
the optimal pulses are selected and created on the error values of the system. The optimal
pulses are generated with the help of the ASO algorithm. The detailed description of the
FOPID controller with ASO optimization is presented in the following sections.

4.3. FOPID Controller

The proposed FOPID with the utilization of the ASO optimization technique is used
to mitigate the PQ issues created in the HRES interface grid connected system which are
due to voltage and current disruptions. Apart from convention controllers like Propor-
tional Integral Derivative (PID) controller, Proportional Integral (PI), the FOPID controller
provides the best gain values as it has five parameters. The error in voltage and current
was reduced by the FOPID controller whose gain parameters were obtained with the use
of the ASO technique. ASO is proposed to generate the optimal pulses to FOPID to reduce
the error values in voltages and currents. UPQC-PQ device having a series controller and
shunt controller whose control process is done with the FOPID controller to improve HRES
system performance by reducing PQ issues [28]. The FOPID controller can be used to mini-
mize error voltage and current by reducing error signals, eliminating signal undershoot
and overshoot problems, and increasing the controller’s speed of response, all of which are
critical factors in achieving the maximum output to regulate the HRES system. The FOPID
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controller speeds up the device, simplifies iso-damping, and is more resistant to parameter
adjustments [29].

G(s) =
u(s)
e(s)

= KP +
Ki

sλ
+ Kdsµ(λ, µ ≥ 0) (22)

where G(s) represents the FOPID controller’s transfer function in the HRES system, u(s)
represents controller output, and e(s) represents the HRES system’s error signal [30–33].
Figure 7 illustrates the interface framework of a FOPID controller.
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Mathematical modelling of FOPID controller can be written as (23),

u(s) = KP + Kis−λe(s) + Kdsµe(s) (23)

KP stands for proportional parameters, Ki for integral parameters, Kd for derivative
parameters, s−λ, sµ for fractional order parameters, and e(s) for error signal calculated from
series and shunt active power filters. The error is calculated under differential load by
comparing with reference and actual parameters. ASO techniques are used to generate the
best optimal pulses required for the FOPID. The PQ issues in the HRES system are reduced
with the following proposed controller. The detailed description of ASO is explained in the
following section.

5. Atom Search Algorithm

The introduction of a new kind of meta-heuristic global optimization technique based
on atom dynamics. Atom Search Optimization (ASO) is a population-based iterative
heuristic global optimization method that may be used to solve a wide range of opti-
mization issues. The ASO method mathematically simulates and replicates the atomic
motion model seen in nature, in which atoms interact with one another through interaction
forces arising from the Lennard-Jones potential and constraint forces coming from the
bond-length potential.

5.1. Steps Followed in Control Strategy with ASO

In this section, the proposed ASO was stimulated by molecular dynamics. In the
search space, the location of every atom describes the clarification and its calculation is
based on the mass and gives the best solution. With the ASO technique shown in Figure 8,
the gain parameters of the FOPID are selected based upon the minimizing of error of
voltage and current. The fitness function of the proposed controller of ASO is presented
as follows,
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5.1.1. Step 1: Initialization

ASO continues the streamlining process by making a vast number of random arrange-
ments. Per loop, the particles change their speeds and locations, as well as the position
of the best atom, which is also refreshed. Furthermore, particle acceleration is split into
two parts. The most basic is the collaboration force, which is defined by the L-j potential,
which is usually the vector sum of aversion and fascination from various particles.It is
faced with the potential of bond length with and particle as well as the best particle is
weighted location differentiation due to the necessary power. The computation satisfies the
broken paradigm, and it can be carried out logically. The best atoms location and fitness
are reverted, and the global optimum is expected.
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5.1.2. Step 2: Fitness Evaluation

The fitness function is used to determine the best benefit parameters depending on
the objective functions. In the equation, the fitness function is stated (24)

Ma(T) = e
−Fita

(T)− Fita(T)
Fita

worst(T)
(24)

5.1.3. Step 3: Compute the Mass and C Neighbours

To compute the simplest level of the fitness function. The mass of its atom can be
computed as (25),

ma(T) =
Ma(T)

∑N
n=1 Mb(T)

(25)

where, Fita
best(T) are the minimum fitness value and Fita

worst(T) can be described as the
maximum fitness value at the Tth iteration. Fita(T) Can be represented as the fitness
function value of the Tth iteration of the ith atom. The C neighbours can be computed
based on the Equation (26), where a, b are the atoms.

C(T) = N − (N − 2)×
√

T
t

(26)

The discovery process of the ASA algorithm, the apiece, and each atom all need a
large number of atoms with the best fitness parameters of the k neighbours. Atoms were
expected to interrelate across as certain atoms with fitness parameters as it C neighbours to
boost exploitations in the final step of iterations. Equation (26) can be used to calculate the
C neighbours, T is maximum iterations, t dimension in time and N size of the population.

5.1.4. Step 4: Interaction Force and Acceleration Computation

The properties of atomic contact force and acceleration can be measured, and several
components of random weight applied to the ith atom from the various atoms of force can
be expressed as follows (27):

FD
a (T) =

n

∑
bebest

randomb f D
ab(T) (27)

where random is a random number in the range [0, 1], f fitness function. The acceleration
can be calculated using the Equation (28).

GD
a (T) = α(T)(XD

best(T)− XD
a (T)) (28)

The Lagrangian multiplier can be defined as the Equation (29),

α(T) = βe−
20T

t (29)

where β can be defined as the multiplier weight.

5.1.5. Step 5: The Updating Process

In this process, the velocity, as well as position, is ith atom at the condition of (t+1)th
iteration can be denoted as (30) and (31)

VD
a (t + 1) = randD

a VD
a (T) + AD

a (t) (30)

XD
a (t + 1) = XD

a (t) + VD
a (t + 1) (31)

The best strategy for achieving the exercise function and minimizing power quality
problems can be selected following the upgrading process. The fitness functions can
be used to choose the benefit parameters of the FOPID controller. The final condition
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should be verified before using the optimal solutions that are maximal iteration obtained
and constraints are evaluated. The optimal solutions are used to determine the optimal
power flow of the HRES system. They can be achieved using the power quality reduction
approach in the ASA algorithm. The proposed approach’s efficiency metrics are explored
in detail in the section below

6. Results and Discussion

This section validates and analyses the proposed method’s efficiency. The suggested
solution is designed to address power quality problems in HRES that are related to the grid.
The key goal is to increase the system’s reliability by addressing power quality problems.
Established strategies have drawbacks, which are discussed in Section 3. As a result, the
proposed controller and UPQC-PQ help to increase the system’s power efficiency. Using
UPQC-PQ with the proposed controller, the proposed system would provide improved
reliability and voltage with current regulation in grid-connected HRES. ASO based FOPID
controller is used to minimizing the PQ problems in the HRES system with the proposed
UPQC-PQ device. The parameters are tested both with and without the system’s PQ
problems. The proposed methodology is run in MATLAB/Simulink with an Intel(R)
Core(TM) i5-3570S CPU operating at 3.10 GHz, and the effects are evaluated. The proposed
technique is compared to current PI controller-based GSA, BBO, ESA, RFA, and ASO
techniques. Table 2 shows the parameters of the implementation. PQ problems like
sag, swell, voltage disturbance, and harmonics in the system are created and validated.
The problems of PQ is rewarded with the help of the UPQC-PQ device and an accurate
proposed shunt as well as the series active power filter controller. The projected controller
optimally controls the PQ issues by providing optimal pulses of series and shunt active
power filter with help of the FOPID controller with ASO.The UPQC-PQ can provide the
required power to solve the PQ issues and compensate for load demand in the system. In
the UPQC-PQ design, the dc-link capacitor is used to provide essential power to alleviate
PQ problems in the proposed HRES system. The PV and WT systems can be produced the
power to encounter the load demand which is considered as the main source of the system.
The WT and PV may be affected due to environmental conditions, which are solved by
introducing the MPPT technique in the system. In the UPQC-PQ system, the generated
power utilizes to compensate for the load demand and moderate issue of the PQ system.
The UPQC-PQ system is linked with a grid-connected load system. The assessment of the
proposed design configuration with three fault conditions in the system, such as sag, swell,
voltage interference, and harmonics levels of signals. The device output is analyzed with
various scenarios, which are described below.

Table 2. Simulation results summary for mode 1 and mode 2 operations.

THD Phase
Mode 1 Mode 2

t1 t2 t3 t4 t1 t2 t3 t4

THD of Vs (%)
a 21.98 21.78 20.05 20.64 21.98 20.32 20.05 20.01
b 18.08 16.86 14.41 14.91 18.08 14.40 18.40 17.4
c 25.01 25.06 23.54 23.95 25.01 23.27 23.54 23.54

THD of IL (%)
a 17.12 17.96 18.99 18.98 17.12 19.12 17.99 18.99
b 26.82 25.17 27.21 27.18 26.82 27.02 26.21 27.21
c 18.23 16.32 16.32 16.32 18.23 26.32 16.32 16.32

THD of Is (%)
a 25.12 20.92 20.92 20.92 25.12 20.92 20.92 20.92
b 27.31 12.33 12.32 12.32 27.31 25.32 26.32 12.32
c 24.31 19.33 17.33 16.33 24.31 17.33 18.33 18.33
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Mode I. Power Quality improvement with PRES Power injection (PRes > 0).

The proposed HRES system supplies power to the PCC in this mode of operation. To
improve the PQ at PCC the inverter which is the interface to the grid is used to transfer
the power from RES to the PCC. A non-linear load generally uncontrolled diode rectifier
with series RL is connected at PCC. Real and reactive power to the local load is being
supplied by the RES and the excess real power is transferred to the grid. The THD of
21.98% is produced by adding the 5th harmonic voltage source since grid voltage is taken as
non-sinusoidal. Figure 9a,b shows the active powers PDG, Pload, Pgrid and reactive powers
QDG, Qload, Qgrid. The dynamic performance is studied in case I and case II. THD’s are
presented during this case in Table 2. Figure 10 depicts PV irradiance, wind speed and
DG power.

Energies 2021, 14, x FOR PEER REVIEW 19 of 31 
 

 

b 27.31 12.33 12.32 12.32 27.31 25.32 26.32 12.32 
c 24.31 19.33 17.33 16.33 24.31 17.33 18.33 18.33 

Mode I. Power Quality improvement with PRES Power injection (PRes > 0). 

The proposed HRES system supplies power to the PCC in this mode of operation. To 
improve the PQ at PCC the inverter which is the interface to the grid is used to transfer 
the power from RES to the PCC. A non-linear load generally uncontrolled diode rectifier 
with series RL is connected at PCC. Real and reactive power to the local load is being 
supplied by the RES and the excess real power is transferred to the grid. The THD of 
21.98% is produced by adding the 5th harmonic voltage source since grid voltage is taken 
as non-sinusoidal. Figure 9a,b shows the active powers PDG, Pload, Pgrid and reactive pow-
ers QDG, Qload, Q grid. The dynamic performance is studied in case I and case II. THD’s are 
presented during this case in Table 2. Figure 10 depicts PV irradiance, wind speed and 
DG power. 

 
(a) 

 
(b) 

Figure 9. (a) Active Power, (b) Reactive power. Figure 9. (a) Active Power, (b) Reactive power.



Energies 2021, 14, 5812 18 of 29
Energies 2021, 14, x FOR PEER REVIEW 20 of 31 
 

 

 
Figure 10. (a) Irradiance (b) Wind speed (c) DG Power. 

Mode II. Power Quality improvement (PRes = 0). 

Here inverter which is a grid interface is acting like Shunt APF. In this case, the in-
verter consumes a very little amount of real power from the grid to reduce the losses and 
maintain DC link voltage. The inverter provides the load reactive and harmonic power. 
Figure 11a,b shows the active powers PDG, Pload, Pgrid and reactive powers QDG, Qload, Q grid. 
The total reactive power is supplied by the inverter and active power is supplied by the 
grid. The dynamic performance is studied in case I and case II. 
Case I: Condition for Nonlinear Load variation 
Case II: Condition for Unbalance Non-Linear Load 
Case III: Condition for Voltage and current sag  
Case IV: Condition for Voltage and current swell  
Case V: Condition for Voltage and current disturbances  

The five cases are individually analyzed with the design parameters of voltage, 
current, power, and injected power from the UPQC-PQ. 

 
(a) (b) 

Figure 11. (a) Active Power, (b) Reactive power. 

Figure 10. (a) Irradiance (b) Wind speed (c) DG Power.

Mode II. Power Quality improvement (PRes = 0).

Here inverter which is a grid interface is acting like Shunt APF. In this case, the inverter
consumes a very little amount of real power from the grid to reduce the losses and maintain
DC link voltage. The inverter provides the load reactive and harmonic power. Figure 11a,b
shows the active powers PDG, Pload, Pgrid and reactive powers QDG, Qload, Q grid. The total
reactive power is supplied by the inverter and active power is supplied by the grid. The
dynamic performance is studied in case I and case II.
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The five cases are individually analyzed with the design parameters of voltage, current,
power, and injected power from the UPQC-PQ.

6.1. Case I: Condition for Non-Linear Load Variation

To study the dynamic performance of the non-linear loads this is time-varying in
nature by introducing a nonlinear load variation. Here a non-linear load is considered to
be a diode rectifier with R-L load. An addition of another R-L load is being added to the
existing load at t = 0.1 s and removed at 0.22 s. Thus the load current is increased from 55 A
to 62.2 A. The dynamic performance of the PCC voltage Vs, supply current Is, load current
IL and compensating currents IC are shown in Figure 12. The THD of the grid current is
reduced from 25.15% before compensation to 20.92% after compensation with load current
THD of 18.99% and 18.98% due to voltage disruption due to an increase in PCC current.
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6.2. Case II: Condition for Unbalanced Nonlinear Load

An unbalanced load is being connected at the PCC which initially consists of a diode
rectifier with an R-L load. To this system, a single-phase R-L load is connected between
any two phases during t = 0.1 s to 0.22 s. From Figure 13 we can observe that PCC
voltage, supply current, load current, inverter output currents are balanced even under
unbalance loads connected at the PCC. For phase a, b and c the TDS of the load current
are 18.98%, 27.18% and 16.32% and grid currents are 20.92%, 12.32% and 16.33% during
t = 0.1 s to 0.22 s. The system can be balanced by compensating harmonic and reactive load
current components.

6.3. Case III: Voltage and Current Sag Condition

In this state, the sag is created in the HRES system by creating a fault. The voltage
and current sag must be resolved to provide a linear and stable operation of the system.
The UPQC-PQ is used to provide the required power to satisfy load demand by mitigating
PQ problems. In Figure 14, the injected voltage, compensated voltage, and voltage sag.
As seen in Figure 15, sag current is compensated current and injected current with the
UPQC-PQ device. Figure 16 shows the total harmonics distortion of the proposed method
and comparison with the existing methods. The injected voltage and current from the
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proposed controller is used to compensate for the PQ issues. In UPQC-PQ both series and
shunt APF’s balance the voltage and current. In this case study, the swell conditions at
voltage signals are investigated.
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6.4. Case IV: Voltage and Current Swell Condition

Increased voltage and current is generally termed as swell when compared with the
reference voltage and current. The condition for swell is observed due to the faults created
in the system. The swell must be resolved to increase the system’s stability. A voltage swell
of magnitude 520 V has been observed and being compensated with the UPQC-PQ device
during t = 0.75 s to 0.85 s illustrated in Figure 17. Similarly, Figure 18, depicts the condition
for current swell during t = 0.75 s to 0.85 s whose magnitude is being increased During
this condition the dc-link capacitor is used to meet the load demand and mitigate the PQ
problems with ASO based FOPID controllers which is primarily used to determine the
error values that can be corrected by choosing optimum values.

6.5. Case V: Voltage Disturbances Condition

Normally the disturbances in voltage and current are usually occurred due to the
nonlinear, unbalance, or critical loads at the load side. PQ problems related under such
conditions are mitigated in the HRES grid connected system UPQC-PQ device consisting of
two modes of operation like series APF and shunt APF is used to compensate the problems
related to voltage and current disruption. The optimal pulses are received by the ASO
technique which is fed to the FOPID controller which moderately operates the series APF
and shunt APF to mitigate the voltage and current-related disturbances and maintain
the system stable and reliable. Figures 19 and 20 shows the condition for voltage and
current disturbances.
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6.6. Comparison Analysis

The ASO-based FOPID controller in HRES interfaced grid connected system is an-
alyzed under nonlinear load, unbalanced load, sag, swell, interruptions and harmonics
reduction. Figures 21 and 22 shows the real and reactive power with the proposed control-
ling technique which gives the best results when compared with the existing techniques like
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PI, GA, GSA, BBO, GWO, RFA and ESA. The total harmonic reduction was also achieved to
the best level and maintained within the IEEE519 standards and the values are presented
in Table 3. According to the results of the study, the proposed controller has the best real
and reactive power output. Similarly, with the proposed FOPID controller, grid side power
was kept stable. Figure 20 illustrates how effectively in the HRES generation system the
grid power is compensated with a storage system under varying environmental conditions.
The FOPID controller with ASO is configured to keep the grid side power stable and
reduce the harmonics to a lower percentage which falls under IEEE 519 standards. The
proposed controller achieves the best results by maintaining the system stable and reliable.
ASO based FOPID controller in the HRES interfaced grid-connected system with the use
of UPQC-PQ which is effectively mitigating the PQ problems related to nonlinear load,
unbalanced loads, sag, swell and interruptions by generating the optimal pulses for series
APF and shunt APF.
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Table 3. THD comparison before and after UPQC.

S.No Methods
Before UPQC-PQ

5 7 11 13 17 19 23 25 29

1 Proposed 22.42 11.55 11.21 10.12 10.09 10.25 10.18 10.09 10.05

2 ESA 37.37 11.65 11.3 10.45 10.36 10.29 10.22 10.16 10.11

3 RFA 36.32 11.45 11.2 10.4 10.34 10.25 10.2 10.13 10.09

4 GWO 35.55 11.41 11.19 10.3 10.32 10.2 10.19 10.11 10.07

5 BBO 34.65 11.35 10.48 10.2 10.28 10.19 10.17 10.1 10.06

6 GSA 33.71 11.3 10.42 10.19 10.18 10.15 10.14 10.09 10.05

7 GA 32.32 11.25 10.31 10.18 10.15 10.13 10.11 10.07 10.04

8 PI 31.37 11.2 10.22 10.14 10.13 10.11 10.09 10.05 10.03

S.No Methods
After UPQC-PQ

5 7 11 13 17 19 23 25 29

1 Proposed 1.16 0.25 0.22 0.21 0.19 0.15 0.1 0.09 0.08

2 ESA 3.73 0.3 0.28 0.25 0.2 0.19 0.15 0.14 0.13

3 RFA 3.65 0.29 0.25 0.23 0.18 0.17 0.13 0.12 0.11

4 GWO 3.42 0.28 0.23 0.2 0.16 0.15 0.1 0.09 0.08

5 BBO 3.4 0.27 0.22 0.19 0.14 0.13 0.08 0.07 0.06

6 GSA 3.35 0.25 0.2 0.15 0.12 0.11 0.07 0.06 0.05

7 GA 3.21 0.2 0.19 0.13 0.1 0.09 0.06 0.04 0.03

8 PI 3.1 0.18 0.17 0.12 0.09 0.05 0.04 0.03 0.02

7. Conclusions

Power quality improvement in the HRES Grid connected system has become a promis-
ing research area. With the use of non-linear loads, unbalanced loads and high-frequency
switching characteristics PQ problems occur on the load side. To overcome PQ problems we
need to adopt custom power devices which are playing a vital role to mitigate such issues.

• In the proposed paper UPQC-PQ device which is controlled with ASO based FOPID
controller is proposed.

• The optimal gains required to operate the FOPID controller of UPQC-PQ is produced
with the use of the ASO technique.

• In the proposed system various analyses have been observed such as Mode I: Power
Quality improvement with PRES Power injection. (PRes > 0),Mode II: Power Quality
improvement (PRes = 0) and THD reduction.

• In addition, we have addressed PQ issues such as sag, swell and disturbance condi-
tions for both voltage/current related problems

• The proposed system is validated in the MATLAB/Simulink platform. The proposed
method produces the best results when compared with various existing methods like
PI, GA, GSA, GWO, BBO, RFA and ESA.

Future Work: The future work can be carried out with various new controlling strate-
gies which can be operated by implementing Hybrid Algorithms whose performance
characteristics can be improved in terms of efficiency, speed of the response etc.
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Abbreviations

HRES Hybrid Renewable Energy Sources
UPQC-PQ Unified Power Quality Conditioner with Real and Reactive power
FOPID Functional Order Proportional Integral Derivative
THD Total Harmonic Distortion
PI Proportional Integral
GSA Gravitational Search Algorithm
BBO Biogeography Based Optimization
GWO Grey Wolf Optimization
ESA Extended Search Algorithm
RFA Random Forest Algorithm
GA Genetic Algorithm
PV Photovoltaic
WT Wind Turbine
BESS Battery Energy Storage System
SSC Synchronous Series Compensator
DVR Dynamic Voltage Restoration
DSTATCOM Distribution Static Compensator
TCR Thyristor-Controlled Reactor
PCC Point of Common Coupling
ANIFS Adaptive Neuro-Fuzzy Interference System
MGWO Modified Grey Wolf Optimization
ACT Adaptive Control Technique
SVPWM Space Vector Pulse Width Modulation
FLC Fuzzy Logic controller
VSI Voltage Source Inverters
LPF Low pass filter
APF Active Power Filter
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