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In Renewable energy sources, primarily PV plants and wind farms, are increasingly
replacing conventional power generation methods. To further reduce environmental
pollution, traditional IC engine vehicles are being replaced by zero-emission EVs. The
RSMs and charging circuits used in EVs rely on high-power electronic switches, which
operate at high switching frequencies. These switching operations, along with rapid
variations in power generation, introduce several power quality issues into the grid—
most notably voltage sags, swells, and harmonics. Such disturbances can damage both
Internal Combustion (IC), grid—connectgd devi(_:es and power sources. To a}ddress these challenges, this paper
Electric Vehicle (EV), proposes the integration of a UPQC between the_ grid-connected RSMs and I_EV charg!ng
Renewable Source Modules (RSM), stations. The UPQC controllers are enhanced using advanced control strategies featuring
Unified Power Quality Conditioner adaptive and hybrid regulators to ensure optimal power quality. The paper presents a
(UPQC) detailed discussion on the proposed system’s design and the structure of the various
controller regulators. This review explores the application of adaptive and hybrid
regulators in UPQC systems to enhance their effectiveness in maintaining optimal PQ. It
critically analyses various control methodologies, their adaptability to real-time grid
conditions, and their coordination with renewable and EV-based systems. A comparative
assessment is provided based on performance metrics such as response time, harmonic
mitigation, voltage regulation, and system stability.
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1. Introduction plants harness natural resources such as solar

radiation, wind, tidal waves, and biogas to produce

With the global population steadily increasing, the
demand for electrical power is rising significantly
each day. This growing demand necessitates the
expansion of power generation capacity and the
extension of the electrical grid to ensure supply
reliability. Traditionally, this demand has been met
by conventional power generation methods such as
coal, diesel, and nuclear plants. However, these
methods contribute heavily to environmental
pollution [1]-[5], leading to rising global
temperatures and creating increasingly
uninhabitable conditions for life on Earth. To
combat the environmental impact of conventional
energy sources, there is a pressing need to transition
to renewable energy generation. Renewable energy

electricity. However, because these natural resources
are inherently variable, the power generated by
renewable sources is often unstable and
unpredictable.Renewable generation systems like
PV plants, wind farms, and tidal energy stations
typically produce power with fluctuating voltage
levels. To stabilize these variations, high-capacity
power electronic circuits are employed. These
circuits help maintain consistent voltage output
despite variable generation conditions [6], [7].
However, the high-frequency switching inherent in
these circuits—especially in RSMs—introduces
harmonics into the grid. Additionally, rapid changes
in load can cause voltage sags and swells, further
compromise grid stability and reducing the
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reliability of connected devices. To further reduce
carbon emissions, EVs are being adopted as
alternatives to IC engine vehicles. EVs operate using
electric motors powered by battery storage systems,
which ideally should be charged using renewable
energy sources to maintain a zero-emission profile
[8]- [12]. Together, the shift to renewable power
generation and EV adoption significantly mitigates
environmental pollution and promotes more
sustainable living conditions globally.However,
integrating RSMs and EV charging infrastructure
into the grid using high-power electronic
components results in increased harmonic distortion
and voltage fluctuations. These power quality issues
must be addressed to ensure the reliable operation of
all grid-connected equipment [13]- [16]. To mitigate
these issues, a Unified Power Quality Conditioner
(UPQC) is proposed for installation between the
grid-connected RSMs and EV charging stations. The
structural layout of the proposed system, including
the placement of the UPQC, is illustrated in Figure
1.
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Figure 1 Outline structure of proposed system with
UrPQC

As observed in Figure 1 the grid is connected to an
AC/DC converter with UPQC connected between
the converter and the grid. The DC bus is connected
to PV plant and Wind Turbine Generator (WTG)
representing RSM. Multiple EV charging stations
are connected to the same DC bus for consuming
power from RSM and also the grid as per
availability. Along with the EV charging stations
general domestic/residential loads are also
connected [17] [18]. The voltages sags and swells
introduced on the grid side and the harmonics
generated by the RSM and EV charging station are
mitigated by the UPQC connected at the
intersection. Each module has their individual power
circuit with individual controller for stabilizing the
voltage of the devices. The UPQC receives feedback
from the AC/DC converter current and the grid
voltages for synchronized compensation [19] [20].
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For optimal mitigation of voltage sags, swells and
harmonics adaptive and hybrid regulators are
adopted into UPQC controllers. The paper is
organized with introduction to the proposed system
with outline structure of grid connected RSM, EV
charging station and UPQC in section 1. The
introduction section represents the modules used in
the proposed system with placement location. The
following section 2 has the design and structure of
the RSM and EV charging station connected at the
DC bus of the system. In section 3 the modeling and
design of UPQC and controllers of the series and
shunt converters are discussed. The further updated
of the adaptive and hybrid regulators introduced into
the series and shunt controllers is presented in
section 4. The final section 5 has the conclusion to
the paper presenting the possible generation of
comparative results with different regulators in the
controllers followed by references cited in the paper.

2. Rsm and ev charging station design

The RSMs considered for grid integration to reduce
reliance on conventional power generation units
include PV plants and WTGs. These two RSMs are
regarded as the most reliable and efficient among
available renewable energy sources. Given the
abundance of solar irradiation and wind resources,
they enable effective and sustainable power
generation.

2.1 PV Plant RSM

The PV plant RSM consists of multiple solar cells
grouped into panels, which are configured in series
and parallel arrays to meet the desired power and
voltage levels [21]-[24]. These interconnected PV
panels are then connected to a boost power
converter, which serves to regulate and stabilize the
output voltage from the PV array. The internal
structure of the PV plant RSM, including the boost
converter, is illustrated in Figure 2.

Boost power converter

)
)
i
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]

Figure 2 PV plant RSM with boost power converter

As shown in Figure 2, the boost power converter
switch—typically an IGBT—is controlled by a
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Maximum Power Point Tracking (MPPT) controller.
This controller receives real-time voltage and
current feedback from the PV panels. Various MPPT
techniques are available for extracting the maximum
possible power from the PV system, including
Perturb and Observe (P&0O), Incremental
Conductance, Hill Climbing, and Fuzzy Logic-based
methods [25]-[29]. The speed and accuracy of the
MPPT algorithm directly affect how quickly the
boost converter can respond to environmental
changes and stabilize the output voltage. The
regulated output of the boost converter is connected
to a DC bus, facilitating power sharing from the PV
plant RSM.The WTG RSM consists of a wind
propeller, turbine, and generator, all mechanically
coupled through a series of gear systems. Wind flow
rotates the large propeller, which, via the gear
mechanism, drives the turbine at higher rotational
speeds [30]-[33]. The turbine shaft is mechanically
connected to a generator, converting mechanical
energy into electrical energy. In standalone WTG
systems, a PMSG is commonly used. As its name
implies, the rotor of the PMSG contains permanent
magnets and is driven by the turbine. The rotation of
the magnetic rotor induces current in the stator
windings, generating voltage [34]-[36]. The
structural layout of a PMSG-based WTG RSM is
illustrated in Figure 3.
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Figure 3 PMSG based WTG RSM

The WTG RSM, integrated with a PMSG, is
connected to a Diode Bridge Rectifier (DBR) that
converts the unpredictable and fluctuating AC
output into a variable DC voltage. This variable DC
voltage is then regulated using a unidirectional DC-
DC Buck-Boost converter [37]-[38]. The
converter’s switching element, typically a
MOSFET, is controlled by an MPPT module, similar
to the one used in the PV plant RSM. This
configuration ensures that maximum power is
extracted from the PMSG via the DBR and delivered
efficiently through the Buck-Boost converter.
Various MPPT strategies can be implemented for
WTG systems, including Power Signal Feedback,
Tip Speed Ratio (TSR) control, and Hill Climbing
Search methods.

2.3 EV Charging Station
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The EV charging station comprises multiple power
conversion stages that adjust the DC bus voltage to
levels suitable for charging EV batteries [39]-[42].
The primary converter used for battery charging is a
DC-DC Buck converter, which is managed by
dedicated control modules to ensure proper voltage
and current regulation during charging. The
configuration of the EV charging station, including
the Buck converters connected to the EV battery, is
shown in Figure 4
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Figure 4 EV charging station

Each Buck power converter used in the EV charging
station includes an IGBT switch that operates under
either Constant Current (CC) or Constant Voltage
(CV) control modes, depending on the State of
Charge (SOC) of the EV battery. The converter
controller receives real-time feedback from the
battery’s voltage and current sensors. In CC mode,
the controller regulates the current based on a
reference current value, while in CV mode, it
regulates the voltage based on a reference voltage.
Typically, CC mode is engaged when the battery
SOC is low, and CV mode is activated once the SOC
exceeds a predefined threshold [43], [44]. This
mode-switching strategy helps optimize battery life,
improve reliability, and maintain long-term battery
health.All modules connected to the DC bus
interface with a common AC/DC converter, which
facilitates power exchange between the grid and the
DC bus. This converter is a six-switch topology
controlled by a Synchronous Reference Frame
(SRF) controller. The SRF controller ensures that the
DC bus voltage remains stable at a predefined
reference value [45]-[48]. The SRF controller
operates in synchronization with the grid voltages to
facilitate efficient power exchange between the DC
bus and the grid [49]-[51]. When the power
generated by the RSMs is insufficient to meet the
demands of the EV charging station and connected
loads, the AC/DC converter supplies the required
power from the grid.
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Figure 5 Grid connected six switch converters

Conversely, when the RSMs produce excess power
beyond the consumption needs of the EV charging
station and loads, the surplus energy is fed back into
the grid through the same AC/DC converter.
However, the six-switch AC/DC converter
introduces harmonic distortions into the grid. To
mitigate these power quality issues, a UPQC is
installed at the interface between the grid and the six-
switch converter shown in Figure 5 Grid connected six
switch converters

3. UPQC Design

The UPQC is a type of Flexible AC Transmission
System (FACTS) device designed to stabilize load-
side voltages and simultaneously mitigate harmonics
[52]-[56]. The UPQC consists of two power
electronic converters: a series converter connected
on the grid side and a shunt converter connected on
the AC/DC converter side. Both converters use a six-
switch, three-leg topology.These converters are
interconnected back-to-back via a DC link capacitor
(Coc), which enables the exchange of energy
between them in the form of voltage and current
[67]-[61]. The structural configuration of the
UPQC, placed at the interface between the grid and
the AC/DC converter, is shown in Figure 6
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Figure 6 UPQC structure connected to AC/DC
converter

As presented in Figure 6 the series converter is
connected in series between the grid and AC/DC
converter through series transformers (Tr). The
series converter is connected to the series
transformer  through inductances (Lsr) and
capacitors (Csr) representing LC filter for harmonic
elimination. However, the shunt converter is
connected in parallel to the line through only
inductors (Lsw) on the AC/DC converter side [62] —
[65]. The series and shunt converters are operated by
individual controller modules which operate as per
the requirement. The Figure 7 are the series and
shunt converter controller modules integrated in the
UPQC device.
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Figure 7 (a) Series controller (b) Shunt controller

As illustrated in Figures 7(a) and 7(b), the series
controller does not include a voltage regulator,
whereas the shunt controller is equipped with a
voltage regulator. The primary function of the series
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controller is to estimate the reference voltage Vse*
which represents the required voltage to be injected
by the series converter. The pulse signals for the
series converter are generated using a Hysteresis
Voltage Controller.In contrast, the shunt controller
contains a voltage regulator that calculates the
current error (ierror) for harmonic compensation. This
current error is used to determine the reference
compensation currents (Isy*) which are then utilized
by the Hysteresis Current Controller to generate the
gate pulses for the shunt converter [66]-[68].
Incorporating an optimal voltage regulator in the
shunt converter significantly enhances the overall
performance of the UPQC, leading to improved
operational parameters for all devices connected to
the system.

4. Different Controller Regulators

A wide range of regulators are employed across
various control modules for tasks such as speed
regulation, current control, voltage stabilization, and
torque management. Among these, the Proportional-
Integral (PI) regulator is one of the most widely used
due to its simplicity and effectiveness in linear and
less complex control systems.

4.1 Pl Regulator

The PI regulator is a conventional control
mechanism that combines proportional and integral
gains, which are tuned according to the dynamic
response of the system [69]. It is commonly
preferred for its simple structure and ease of
implementation. However, the PI regulator has
notable limitations, including high initial overshoot,
increased steady-state ripple, susceptibility to
disturbances, and slower settling times [70]. The
internal block diagram of a standard Pl regulator is
shown in Figure 8.

Integral (1) Gam

=13 |
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Reference ! - - Gl

Measured

Figure 8 PI regulator internal structure

As presented in Figure 8, the proportional gain is
addressed as K; and integral gain is addressed as Ko.
The input to the regulator is error signal generated
by comparison of reference parameter with
measured parameter. The parameters can be either
current or voltage or speed as per the system’s design
[71]. The two gains are tuned using different
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methods in which the ‘trial and error’ method is
considered to be basic where the values are tuned as
per the response of the system [72]. With the
perfectly tuned values of K1 and K2 the controller
operates optimally with reduced ripple, disturbances
and oscillations.

4.2 AF-PI regulator

The PI regulator can further be updated with a
‘Fuzzy Logic’ design which can change the K; and
K> values of the PI regulator making the regulator to
work more extensively named to be AF-PI (Adaptive
Fuzzy — PI) regulator [73] — [76]. The values of the
K; and K; can be updated as per the ‘error value’ (e)
and ‘change in error value’ (ce). As previously
mentioned, the ‘e’ is generated by comparison of
reference with measured parameter, the ‘ce’ value is
generated by comparison of present ‘e’ with
previous ‘e’ value [77].

%

; K and K>
FSCS
ce
Reference
PI
Measured

AF-PI regualtor

Figure 9 AF-PI regulator internal structure

The Figure 9 represents the structure of AF-PI
regulator with PI regulator values K1 and K2 tuned
by the FSCS (Fuzzy Set Control System) module. In
the AF-PI regulator there are two sets of ‘Fuzzy
Logic’ modules one for Ki and other for K, gain
generation. Each module comprises of two inputs (e
and ce) and one output (K; or K3) [78] — [81]. Each
variable is set into several ‘membership functions’
(MFs) with different shapes set as per the
requirement. The MFs of the input and output
variables can be arranged as per given Figure 10

e ] St b .

Figure 10 MFs of variables ‘e’ or ‘ce’and ‘o’

The input variable membership functions (MFs) are
labelled as ‘BN (Big Negative), MN (Medium
Negative), Z (Zero), MP (Medium Positive), and BP
(Big Positive)’. The output variable MFs are
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categorized as ‘S (Small), M (Medium), and B
(Big)’. A similar MF structure is used for the gain
‘K2’ as well. However, the variable ranges may
differ depending on the plant's response. Each fuzzy
design for the gains K; and K3 is associated with its
own set of 25 rules, detailed in Tables 1 and 2,
respectively [82] [83].

Table 1: Ky’ gain rule base

25 fuzzy rule base | Variable ‘e’
BP | MP | Z | MN | BN
BP B |S S |B B
Variable | MP B |B S |B B
‘ce’ Z B |M |[M|M B
MN B |B S | M B
BN B |B S | M B
Table 2: Ky’ gain rule base
25 fuzzy rule base Variable ‘e’
BP | MP | Z | MN | BN
BP B M S | M B
Variable MP B M MM B
‘ce’ Z B B M | B B
MN B M M| M B
BN B M S | M B

As per the given rule base for each gain the output
from the FSCS modules is updated to the PI
controller for adaptive control on the gains for
enhanced performance of the regulator impacting the
system.

4.3 ANFIS regulator

The ANFIS (Adaptive Neuro Fuzzy Inference
System) is an advanced regulator with data training
using optimization technique. The ANFIS is a
category of Fuzzy Logic module which involves
‘Sugeno’ type structure [84] [85]. Similar to the
Fuzzy Logic module the ANFIS also has input and
output variables. However, the input has only one
variable ‘e’ and one output variable similar to PI
regulator [86]. The MFs of the ANFIS regulator can
be designed as presented in Figure 11

IernAben ey paterte

L el H

Membersiip function plote

A b P

Figure 11 ANFIS variable MFs
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The input variable 'e' is divided into seven
membership functions (MFs), defined according to
their position within a specified range. The MF
centered at zero is labeled Zero (ZE). On the positive
side of ZE, the MFs are named Positive Small (PS),
Positive Medium (PM), and Positive Big (PB).
Similarly, on the negative side, the MFs are defined
as Negative Small (NS), Negative Medium (NM),
and Negative Big (NB). The same set of seven MFs,
with identical labels, is also used for the output
variable of the ANFIS (Adaptive Neuro-Fuzzy
Inference System) regulator [87]-[89]. The rule base
for the ANFIS regulator consists of seven linear
rules, each associating the corresponding input MF
directly with the same output MF. Input-output data
generated by the Pl regulator is used to train the MFs
within the ANFIS model. This training is performed
using either the Backpropagation or Hybrid
optimization algorithm, selected based on the
controller's response to dynamic system changes
[90], [91]. The results of the training process and the
optimized rule base are illustrated in Figure 12.

-, 1o Teaining data : 0 FIS output - *
O'
i
a all
’_\ PRUN
10 " - 3 : 2
(o] 200 400 00 800 1000 200

Index

Figure 12 ANFIS trained data

The updated trained data with the optimization
algorithm is updated to the regulator and the
controller is upgraded to ANFIS based system. The
performance of the converter is further tuned to
operate more optimally with reduced disturbances.

4.4 SM - FOPI regulator

The Sliding Mode — Fractional Order Pl (SM —
FOPI) regulator is considered to be a hybrid
regulator combining two regulators SMC (Sliding
Mode Controller) and FOPI. This integration of both
regulators creates more stability in the system with
very less peak overshoots, ripple and oscillations
[92] - [95]. The hybrid regulators are majorly used
in system with higher transients and disturbances
which operate adaptively as per the changes in the
system. The Figure 13. represents the SM — FOPI
regulator with one input and one output.
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Figure 13 SM — FOPI regulator internal structure

As presented in the figure 13 the SMC with integral
gain (K;) is replaced by FO-PI regulator for better
tuned value generation. Any higher oscillations in
the error signal (E) due to sudden transient in the
system is mitigated by the SMC and the required
signal is further generated by the FO-PI regulator
[96] — [99]. The FO-PI regulator also has two gains
(K1 and K3) similar to Pl controller [100] — [102].
However, the integral is fractional order which
generates less ripple reference signal. The internal
structure of FO-PI regulator is presented in Figure
14

d(t)

1

A

Figure 14 FO-PI regulator internal structure

As observed the integral has a superscript A which is
fractional and the value is between (0 <A < 1) [103]
— [105]. The value can never be O or 1 as the
regulator is fraction order. In most cases the SM-
FOPI regulator operates with optimal signal
generation with respect to the error signal (E).

5. Conclusion

This review paper presents a comprehensive
description of a proposed system integrating
renewable energy sources with an EV charging
station, all connected via a common DC bus. The
RSMs and the EV charging infrastructure, when
interfaced with the grid through an AC/DC
converter, introduce various power quality issues—
such as harmonics, voltage sags, and swells—that
must be addressed to ensure system reliability and
performance. To mitigate these issues, a UPQC, a
FACTS device comprising both series and shunt
converters, is deployed at the interface between the
grid and the AC/DC converter. The UPQC
effectively compensates for harmonics and stabilizes
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the voltage to maintain it within the desired standard
limits. To further enhance the performance of the
UPQC, various control regulators are incorporated
into the controller module to generate precisely
tuned reference signals. The use of adaptive and
hybrid regulators helps to minimize disturbances,
reduce ripple, and suppress transient overshoots in
the reference signals. This paper briefly discusses
the internal architectures of these regulators and
outlines the overall system configuration and
functionality.
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