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ABSTRACT
In the case of hybrid sustainable energy power systemsmade up of Solar Photovoltaic, wind, and
an integrated energy storing system connected to a grid network, this research suggests a better
control technique for optimal Power Quality improvement. The Unified Power Quality Condi-
tioner with Real and Reactive Power are built-in with the proposed Hybrid Sustainable Energy
Systems, and they include Type-1 and Interval Type-2 Fuzzy-based controllers. The main objec-
tive is to simultaneously control voltages while minimizing power losses and Total Harmonic
Distortion. The Unified Power Quality Conditioner is utilized to reduce Power Quality concerns
such as sag, swell, real power, reactive power, and harmonic distortion related to voltage/current
by utilizing a proposed controller. The innovative method is displayed in various ways, such as
simultaneous PQ replenishment and RES power injections, RESP > 0, and RESP = 0. In addition,
the recommended methodology outperforms earlier literature approaches, such as PID con-
trollers. The system is built on theMATLABSimulinkplatform,where various performance studies
are conducted.
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1. Introduction

The advantages of using photovoltaic solar energy
for rural electrification are rapidly growing. Farmers
depend on a solar photovoltaic generation because of its
continuous operation, simplicity in construction, low
maintenance, and cheaper fuel cost. To supply contin-
uous electricity, governments and charitable organiza-
tions are setting up or helping to build photovoltaic
systems in isolated rural locations. Because they enable
users to lower their monthly energy costs while sup-
porting utilities during peak loads, these programmes
are quite popular in cities.

To make the possible automated operating condi-
tion of multi-microgrids through a Smart Transformer,
the dc interconnection offered to incorporate a nearby
energy storing system (ESS) and the versatility to func-
tion its energy conversions levels in a grid forming
(GFM) or grid-following (GFL) modes are essential
[1]. The effectiveness of grid-integrated solar photo-
voltaic array systems is improved with the development
of revolutionary non-linear regression least squares
regression-based controller parameters. The devised
method is physically verified in various challenging
circumstances, including over-voltage, under-voltage,
altered grid voltages, changeable load variation, and dif-
ferent solar radiation exposure fluctuation conditions.

Photovoltaic feed-forward units are incorporated
into the current controller to reduce fluctuations in
grid currents caused by changes in the demand and
generation of solar energy. A single-stage solar energy
conversion system (SECS) is employed to connect the
voltage source to the grids. The voltage source convert-
ers (VSC) dc-linking capacitance and PV module are
directly connected [2].

A significant weakness in the sliding-mode con-
troller design can be seen in designing the switching
surface in a stochastic process. The effectiveness in
dynamic settings declines if the substrate is not appro-
priately designed. As a result, this control approach is
useless under dynamic circumstances [3].

Whenever droop-controlled grid-integrated micro-
grids are linked to deformed grids, a modulation tech-
nique for enhancing power quality and reducing the
harmonics of grid-connected power supplies is used
[4,5] implements FLC-based controller parameters that
outperform a PI control system in consideration of con-
vergence speed under transitory situations. It provides
the advantage of seamless machinery rate management
by taking into account the control algorithm and fuzzy
membership in a suitable manner. Under odd condi-
tions of inconsistent ‘solar energy, dc offsets, distortions
in the grid voltages, imbalance in the three-phase Point
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of Common Interactions (PCI) voltages, voltage insta-
bility, and swells, the voltage source converter control
method creates the gating signals and enhances the PQ
[6,7]. The Inductor Power Filtration (IPF) technique
put forth by Li and Luo could accomplish harmonics
reduction close to the harmonics inputs and reduce the
detrimental effects of oscillations on the transformers
[8].

The electric vehicle aggregators serve as a mediation
control system between the grids and the automobiles
and permit the grid pattern to govern the charging
and discharging operations. This assists the grid pattern
in regulating loads under different loading underbal-
anced scenarios, lowering Harmonic distortion, and
improving voltage stability. There are numerous grid-
connected Electric vehicle systems optimizations and
control strategies [9,10]. The charging station func-
tioning is shown in Islanded Modes (IM) and grid-
integrated modes in order to maximize operating effec-
tiveness. Additionally, a centralized controller is created
to enable active filtration, reactive power compensa-
tion, vehicular-to-home power transmission, and four-
quadrant operations (V2G/G2V) [11]. The fixed inte-
grators and differentiation terms restrict numerically
ordered filtering [12].

A multipurpose grid-connected inverter is used in
this [13] to deliver the auxiliary service of power fac-
tor adjustment at the grid side concurrently with the
infusion of energy produced by a renewable source.
The suggested method compensates for Power qual-
ity disturbances by using the power system factor
as an essential parameter that controls the multipur-
pose inverters compensating actions. Consequently, the
technique guarantees that the degree of correction is
precisely determined by an intended PQ rate at the
utility grid, as represented by a power factor [13].

A voltage-controlled DSTATCOM-based control
method for minimum voltage distribution system that
employs a 3-phase 4-wire VSI including an LC low-pass
output filter [14]. The operational concepts and con-
trolling techniques of a voltage regulator DSTATCOM
were given. The suggested control scheme also includes
two loops: the notion of minimal power point track-
ing and the frequencies loop [15,16]. Furthermore, by
including solar Photovoltaic and wind feed-forward
factors in the control strategy, the dynamics of the
developed framework are greatly enhanced [17].

Multilevel conversions can be utilized to link wind
generators to the grids; the controller must be ready to
send an imbalanced power to the system while exac-
erbating the converter’s DC bus imbalances. The novel
strategy involves imbalanced reactive current injections
from the converters linking the wind generator to the
system [18].

Whenever the system is integrated into dual PV-
wind systems, the DVR’s capacity to reduce voltage
fluctuations, limit its effects on the absolute reliability of

the transmission and distribution systems, and increase
LVRT capabilities. A DVR based on fuzzy controls and
phase correction is devised and tested during different
fault scenarios, including fault conditions and voltage
sags [19].

Power quality disruptions caused by grid-connected
renewables in power system environments to specific
practical systems are examined using IoT & 5G net-
works. The three essential processes in Power quality
disturbances identification and tracking are thoroughly
outlined using diverse methodologies given by authors
in the literature: pre-processing, extraction of features,
and categorization [20]. The greater the inactive com-
ponents, the smaller the output frequencies. Such con-
straints can be bypassed using the Maximum Constant
Boost Control technique. Furthermore, the ST duty
cycle remains static in the Maximum Constant Boost
Control technique, resulting in broader grid current
ranges and reduced ripples [21]. As a result, the Unit
Vector Templates withMaximumConstant Boost Con-
trol could identify voltage fluctuations correctly, insert
the voltage output with reduced harmonic, and miti-
gate them effectively [22]. To correct the voltage unbal-
ance, a power semiconductor connection between the
input and output is proposed; the goal is to offer volt-
age output management while also increasing system
reliability. The suggested approach is unique because it
employs multilayer inverters to provide a twofold ben-
efit. The phrase “multilevel” refers to three-level con-
versions. The semiconductors circuits’ synchronization
combines numerousVoltage levels to produce high out-
put voltages [23,24]. Among the most often key chal-
lenges as per the literature study:

(a) The distribution Static compensator voltage
requirements have not been completed correctly.

(b) Active power filters in series are exclusively utilized
for reduced power purposes.

(c) Efficiency becomes lower when multilevel conver-
sions can be used due to conductivity loss.

This study’smain focus is on preventing power qual-
ity issues inHSES systems brought on by voltage or cur-
rent issues, non-linear loads, unbalanced loads, inter-
ruptions, and Harmonic distortion reductions. These
problems are successfully mitigated by the proposed
Type-1 Fuzzy and Interval Type-2 Fuzzy Controller and
UPQC devices. The key influence of the article is as
tracks:

(i) Photovoltaic, wind, and batteries are combined
to create a hybrid source that can be used when
the other resources aren’t available. Addition-
ally, a battery is used to store extra energy pro-
duced by resources that could be used to bet-
ter meet demand in times of extreme ecological
disruption.
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(ii) The power grid, a non-linear load, and an
unbalanced load are all connected to the hybrid
source, and both can be connected at PCC. The
integrated model can result in distortions and
unbalances for distorted input voltages. Using a
Type-1 fuzzy and Interval Type-2 fuzzy controller
can help to lessen this impact on the system’s
consistency and reliability.

(iii) The proposed control method is developed and
assessed for linking imbalanced and non-linear
loads at PCC.

The article is structured in the following manner:
Section 2 imparts an explanation of the proposed sys-
tem design. This section reviews the UPQC in detail
and explores the computationalmodels of the prototype
architecture’s hybrid source components. The proposed
strategy is described in Section 3, along with a frame-
work for control. The Controller settings and the con-
trolling techniques are defined in Section 4. Results and
Comparative analysis with various conditions are thor-
oughly explained in Section 5. Lastly, the Conclusions
and Future scope of the article are exposed in Section 6.

2. Design of proposal HSES system

As a result of increased industrialization, its service
has also faced actual standard modifications due to the
inclusion of excess power requirements inside the net-
work. The critical energy demands in today’s modern
electrical network cannot be satisfied by conventional
generating techniques, which create new security and
power stabilization problems. Additionally, through-
out the last several decades, a significant number of
toxins have been released by conventional generating
methods. Utilizing local and sustainable energy sources
helps to reduce grid problems while producing a siz-
able amount of power to replace load demands on
that power system. The hybrid system aims to improve
system reliability and performance, which makes it as
most powerful technology. Voltage stability problems
develop as a result of HSES modification in an inte-
grated grid system. To address issues with overvoltage,
power losses, and voltage disruptions, the HSES uses
UPQC (real and reactive power). Design Specifications
of the entire system are exposed in Table A2.

The usage of UPQC systems reduces problems of
power quality. The UPQC model’s related to actual
and reactive powermanagement theory. A photovoltaic
module plus grid-connected wind energy makes up the
HSES. To satisfy load requirements and endure severe
climatic factors like solar and wind, the battery is com-
posed of HSES. But, non-linear loads and unbalanced
demand, when coupled with grid-linkedHSES systems,
are leading to an increase in power quality difficulties.
So as a result, Reactive power instability and raised
voltage uncertainty occur.

As a consequence, in order to deliver excellent
services, power quality issues should be avoided, and it
can be done onlywith the use of Converters. TheUPQC
might be the best option for improving grid-connected
HSES’s ability to manage voltage while simultaneously
handling power quality concerns. The development of
the Control scheme improves the suitable execution of
UPQC with the assistance of T1-FLC and IT2-FLC. A
schematic diagram of the suggested system is shown in
Figure 1. HSES are used to meet the demands for loads
globally.

Batteries are used to store surplus power produced
by the sun and wind, which can be utilized in emer-
gency situations. Energy quality issues with the grid
interfacing HSES system present a crucial difficulty
in ensuring reliability. Power quality issues within
the HSES on the system are a result of abnormal
situations, non-linear demand, and critical loading.
Grid-connecting HSES systems must overcome power
quality difficulties in order to operate properly. The
UPQC is equipped with grid-connected HSES linked-
up technology that compensates for PQ disturbance,
non-linear, unbalanced load,High voltage, voltage dips,
and non-linear load. To reduce PQ difficulties, the
UPQC uses a series and parallel filer control scheme.
Filters offer the best gain configurations for adding
the power required to overcome PQ challenges when
utilizing the controller.

2.1. Solar PVmodelling

In terms of robustness with the non-rotating device,
more durability, good efficacy, and minimal mainte-
nance among the many power sources, Solar Photo
voltaic is the best replacement option for produc-
ing power from Photo voltaic without causing climate
changes. Cells in the Photo voltaic system are integrated
with series to provide the required voltage. The Pho-
tovoltaic planes of the ultimate voltages are derived by
combining the terminating voltages and the current.
The corresponding Equivalent solar module model is
figured in Figure 2 (a). The specifications of the Solar
panel’s current and output voltages are calculated using
Equations (1) and (2).

Ip = Isc − Io
{
exp

[ q
TKA

(Vp + IpRinternal) − 1
]}

− Vp + IscRinternal
Rparallel

(1)

Vp = TKA
q

ln
(
Isc
Ip

+ 1
)

(2)

In this equation, q stands for the charged particle, K for
the diode element and Boltzmann equivalent, T stands
for the temperature (Kelvin), RSE stands for the series
resistance, Rparallel stands for the parallel resistance,
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Figure 1. Schematic representation of the proposed System.

Figure 2. (a) Equivalent solar modulemodel (b) Characteristics
curve of P-V by INC technique.

Isc stands for the current, and Vp stands for the cell
potential. Finally, Equation 3 is used to calculate the
solar panel’s output power.

Psolar = Nsolar ∗ Isolar ∗ Vsolar (3)

Where Psolar stands for photovoltaic O/p, Isolar stands
for solar dc output current,Nsolar stands for the number
of solar cells, and Vsolar stands for O/p voltage. Because
of limiting power and demand, peak power extraction
from the system doesn’t happen at all. To get the most
power out of photovoltaics under various loads, maxi-
mum power point tracking is frequently enabled. There

are a few possibilities that exist; the proposed method
makes use of the increment conductance method and
the methodology operating procedure is exposed in
Figure 2(b).

2.2. Modelling of the wind system

When certain nominal circumstances were met, the
wind generator generated electrical output based on the
direction of the wind. The wind velocity for that wind
generator is related to equation (4).

Pwind =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

0,V 〈VCin(or)V〉VCout

Pmax
wind

(Pcwind − Pmax
wind

VCout − VR

)
(V(t) − VR)

Pmax
wind

(
V(t) − VCin

VR − VCin

)
3,VCin ≤ V ≤ VR

,

VR < V ≤ VCout
(4)

Pcwind denotes wind turbines at cutting voltages, VR
denotes baseline wind velocity, V(t) denotes wind
velocity at time t, VCout denotes windmill cutoff
speed, VCin denotes windmill cut-in velocity, and Pmax

wind
denotes wind generates peak power. The network uses
solar and wind power systems to control peak load.
Batteries are joined to the system when the produced
power capacity exceeds HSES’s ability to adjust.

2.3. Modelling of battery storage systems

The battery provides the necessary power when the
HSES’s output is insufficient. When a system requires
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Figure 3. Description of the UPQC configuration.

electricity, the battery capacity is estimated and ana-
lyzed using the standard autonomy day, which is shown
in the upcoming equation (5).

Battery Capacity = Aday ∗ Pl

ηi ∗ ηb ∗ dod
(5)

Where Aday the typical number of hours a battery can
produce power towards support maximum demand.
dod Stands for depth of discharge rate, ηi for inverter
effectiveness, ηb for battery performance, and Pl for
desired power. The batteries have the capacity to sup-
ply excess energy generated via additional sustainable
energy resources. In order to calculate storage capacity,
apply equation (6).

B = Psolar + Pwind − Pl
ηi

(6)

Pl appears to represent the system loading require-
ment, while B is the storing capacity. An important
factor in relation to increased power production and
power shortage in HSES is a battery’s state of charge
(SOC). The proposed design method might be affected
by power quality problems like dip, swell, voltage distor-
tion, etc. Implementation of the UPQC unit inside the
HSES systems has solved the network’s power system
problems, which should be addressed to improve sys-
tem reliability. The UPQC modelling is demonstrated
in the following chapter.

2.4. UPQC specifications in the suggested system

Current electronic-based power conversion systems
can assist in developing the efficiency of the electric
grid, making it a viable alternative. In this study, a
UPQC method is chosen to reduce the voltage stabil-
ity of the HSES structure. PQ issues will be resolved

with this device. There are numerous facts and meth-
ods available to address power quality problems. The
UPQC can also be used to address problems with
voltages and current, such as minimum voltage, high
voltage, imbalance, transient, and distortion. Parallel
and series real Power Filters, as well as direct current
connection capacitors, are the two main types of Volt-
age Source Inverters used by the UPQC. The essential
element which controls the voltages between two fil-
tering is the DC-linking capacitors. An illustration of
the UPQC configuration can be found in Figure 3. A
UPQC’s vector structure, containing imbalanced volt-
age correction, is shown in Figure 4b. The power grid of
the controlling devices could be allocated into a num-
ber of components, including the generator, series, and
shunt active filters. (7) And (8) describe Kirchhoff ’s
equation, which is frequently utilized to represent the
energy source,

Vs
p = Vs − Ls

di
dt

− RetILi − Vse
o (7)

ILi = IL − Iseo (8)

Figure 4a, with the general circuit model, it is shown
that Iseo represents the current at the output side of paral-
lel active filters, Vse

o denotes the output voltage of series
active filters, IL represents the current at the load, ILi
represents the line current, Vs represents the supply
voltage, Ls represents the line inductance, Ret repre-
sents the electrical transmission resistor, and s in the
superscript represents the a, b, and c. The analogous
circuits of the UPQC are shown in Figure 4b. Series
and shunt active filters control the supply current and
output voltage all over the UPQC system.

When power demands arise in the power grid, the
series and shunt active filter the O/p at the proper volt-
age. Input and load currents are usually represented by
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Figure 4. (a) General equivalent (b) UPQC equivalent (c) UPQC
voltage compensation vector chart.

Ishinjected (R) and I(s). Ishinjected and Vse
injected denotes the

injecting current and voltage of the shunt and series
active filter, respectively. The injecting voltages of such
a set of real filters, represented by Vse

injected, serves as
the reference voltage output (R). As cos∅(n) represents
the demand’s power factor, while k represents the input
voltage factor’s variance. The ratio of the reference volt-
ages to the difference in voltages between the input
and the reference is calculated using equation (9). The
voltage compensation’s UPQC vector chart is shown in
Figure 4c. The cascaded inverter provides a negative
voltage V0 into the grids to eliminate any voltage spikes
VG that may be present in the system.

Vse
injected = Vse

injected(R) − V(s) (9)

Equation (9) could be influenced by using equation
(10),

k =
V(s) − Vse

injected(R)

Vse
injected(R)

(10)

UPQC layouts got rid of the losses. The power demands
of loads and power O/p were based on the PCC source.
The subsequent equation indicates the current on the
PCC side (11)

Ishinjected =
Ishinjected(R)

1 + k
cos ∅(n) (11)

Within the UPQC, the evident power of a series and
parallel active filter is expressed as (12) and (13),

Ase
injected = Pseinjected + jQse

injected (12)

Ash
injected = Pshinjected + jQsh

injected (13)

Where Qse
injected = Vse

injected I(s); Q
se
injected = Vse

injected I (s)
cos(s);.Pseinjected appears to be the active power of the
series filter and Qse

injected is the reactive power of a series
filter, Ishinjected appears to be the difference between the
load current, the supply current, the load harmonic cur-
rent, and the reactive current. Active power filters of
the UPQC device are controlled by a controller with a
T1-FLC and IT2-FLC basis. Further, the controllers are
used to improve system reliability by addressing power
quality issues.

3. The suggested controller approach

Currently, there has been a rise in the demand for
electricity from the distributing system as an out-
come of quickening industrialization and development.
The HSES is chosen to mollify the energy desires of
the distribution system while reducing environmental
problems. The HSES provides the necessary electricity
without reducing the hazards associated with climatic
changes or damaging greenhouse gas emissions. Grid-
connected systems that utilize the HSES dilemma raise
reliability and energy management issues. In order to
retain the system’s dependability and adaptability, the
issue of efficiency must be addressed. Only the UPQC
system should be used to address the system reliability
concern.

The UPQC computer speed is increased by inte-
grating an excellent control approach into the system.
Utilizing UPQC and the recommended controllers, the
O/p voltages of HSES are improved when connected to
a power grid. The UPQC structure has two controllers:
a parallel and a series APF. The HSES method for man-
aging PQ concerns is by using control mechanisms.
The series and the shunt active filter are presented in
more detail in the upcoming chapter. Additionally, both
series and shunt active filters are fully covered in this
chapter.

3.1. Series active filters controller method

The Controllers are shown in Figure 5, which is a dia-
grammatic representation of a series active filter. The
reference voltage ismeasured initially. The 3 phase volt-
ages are measured, and then they are transformed into
d-q axes utilizing the dq transformations technique. A
power filter is widely used to assess the UPQC and
address issues with the quality of the power within the
system. Equations (14) and (15) illustrate the arith-
metic solution of the dq transition process from3-phase
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Figure 5. Diagrammatic representation for series active filter.

voltage.

⎡
⎣V0
Vd
Vq

⎤
⎦ = 2/3

⎡
⎣ 1/2 1/2 1/2
sinX sinY sinZ
cosX cosY cosZ

⎤
⎦

⎡
⎣Va
Vb
Vc

⎤
⎦ (14)

where,X = δt;Y = δt − 2π/3;Z = δt + 2π/3Wherein
Vq stands for quadrature axes voltages, Vd denotes
direct axes voltages, Va, Vb, and Vc denote three-phase
voltages. Direct voltage and an AC component voltage
are displayed for the values on the d-axis. The Low Pass
Filter, which is represented mathematically as being
able to level the d-axis voltages (15),

Vdc
d = Vd − Vac

d (15)

Here, Vac
d stands for direct voltage and Vdc

d for alter-
nate voltage. The voltage is then split into three parts
as follows: (16),

⎡
⎢⎣
VR
a

VR
b

VR
c

⎤
⎥⎦ = 2/3

⎡
⎣sinX 1/2 1
sinX sinY 1
cosX cosY 1

⎤
⎦

⎡
⎣Vdc

d
Vq
V0

⎤
⎦ (16)

The three-phase reference voltages VR
a , V

R
b , and V

R
c are

used in this sentence. The control signal is calculated
and altered by the proposed controllers.

3.2. Approaches to shunt active filter control

The recommended control strategy is used to regulate
the shunt active filter in Figure 6. As shown in equations
(17) and (18), the three-phase current and voltage are
first transformed into equation (18). Where the three-
phase load currents are represented in Ila, I

l
b, and I

l
c. The

currents Ilα , I
l
β are considered to be phase-neutral cur-

rent. While Vs
α , V

s
β stands for phase neutral voltages,

Vs
a,V

s
b, and Vs

c stand for three-phase source voltages.
The phase-neutral voltage and load circumstances are
used to calculate the true and unrecognized power of
the impulse responses. Equations are used to compute
the active (P) and reactive(Q) power within the shunt

active filter by equation (19).

⎡
⎢⎣
Vs
0

Vs
α

Vs
β

⎤
⎥⎦ =

√
2
3

⎡
⎢⎢⎢⎢⎢⎢⎣

1√
2

1√
2

1√
2

1 −1
2

−1
2

0
√
3
2

−
√
3
2

⎤
⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎣
Vs
a

Vs
b

Vs
c

⎤
⎥⎦ (17)

⎡
⎢⎣
Il0
Ilα
Ilβ

⎤
⎥⎦ =

√
2/3

⎡
⎢⎢⎢⎢⎢⎢⎣

1√
2

1√
2

1√
2

1 −1
2

−1
2

0
√
3
2

−
√
3
2

⎤
⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎣
Ila
Ilb
Ilc

⎤
⎥⎦ (18)

[
P
Q

]
=

[
Vs

α Vs
β

−Vs
β Vs

α

] [
Ilα
Ilβ

]
(19)

Following that, an equation (20) is used to compute
the reference currents.

⎡
⎣IRa
IRb
IRc

⎤
⎦ =

√
2/3

⎡
⎢⎢⎢⎣

1 0

−1
2

√
3
2

−1
2

−
√
3
2

⎤
⎥⎥⎥⎦

[
IRα
IRβ

]
(20)

The reference current of the shunt active filter is IRa , I
R
b

and IRc . The fault current must be modified using the
controller settings and the T1-FLC and IT2-FLCmeth-
ods after being computed depending on the reference
signals. Based on the system fault data, the ideal pulses
were selected and produced in the shunt active filters.

3.3. PID controller

The active (P) and reactive (Q) power on the grid is
monitored using a sensing kit and sent into the com-
parator blocks. The comparator measures the average
and reference power and sends the results to the con-
trollers to generate switching pulses. Ultimately, the
controller provides the necessary power during injec-
tion and absorption. In order to achieve a higher out-
put to regulate the HSES systems, the Control scheme
would be utilized to decrease error voltages and cur-
rents by eliminating error signals, eliminating under-
shoot and overshoot difficulties, and speeding up the
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Figure 6. Diagrammatic representation of active shunt filter.

Figure 7. PID controller design.

Figure 8. Type-1 Fuzzy Logic Controller Illustration.

controller responding time. The devices are addition-
ally accelerated, their damping is reduced, and their
resistance to parameter change is greatly increased by
the Control system.

GT(s) = ut(s)
et(s)

= kp + ki
s

+ kd (21)

Equation (21) is defined as follows: whereas ut(s) is the
Controller output, et(s) is the HSES error signal, and

Figure 10. Gaussian MF output editor.

GT(s) is the PID controller transfer function. Themath-
ematicalmodelling of a PID controller can be expressed
in equation (22). The PID controller design is shown
in Figure 7 [25–28]. The abbreviations kp stands for
proportional variables, ki for integral variables, kd for
derivative variables, and et(s) stands for error signal
produced by shunt and series active filters. The error is
calculatedwhen there are diverging loads by comparing
the reference and original value. Both the T1-FLC and
IT2-FLC approaches are used to provide the optimal
signals that are perfect for the PID.

ut(s) = kp + kiet(s) + kdet(s) (22)

Figure 9. Errors and modifications in error editors using Gaussian MF.
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Figure 11. Diagrammatic Representation of Type 2 Fuzzy Logic Controller.

Figure 12. Gaussian MF error and variation in error editor.

4. Proposed control methodologies

4.1. Type-1 fuzzy logic controller

In 1965, Professor Zadeh invented the fractional mem-
ber function, which is an advanced form of the basic
membership function. To correct the incorrect fore-
casts, the T1-FLC is used. The implementation of the
Gaussian membership function is made possible by its
ease of use and superior performance [20].

Here, the FLC is used with one output function and
2 variables (error and error variation). The Fuzzy Con-
troller includes components for Fuzzification, fuzzy
inference systems (FIS), number of rules, and defuzzi-
fication. The Fuzzified unit converts the input variables
from the crisp input into a fuzzy rule. The rules base
for the T1-FLC is exposed in Table A1. A Mamdani-
based FIS type and centre of reduction sets are used
with 49 restrictions. The Design of a T1-FLC is shown
in Figure 8. The simulation-based T1-FLC in Matlab is
displayed in Figures 9 and 10.

4.2. Interval type-2 fuzzy logic controller

T1-FLC is unable to keep the system steady because
of the grid-integrated network’s clear unpredictable
nature. To deal with circumstances with a lot of uncer-
tainty, experts are developing type 2 fuzzy logic circuits
using fuzzy set theory. For a further degree of freedom,
type-2 fuzzy logic systems (FLS) use 3-dimensional

fuzzy sets that include the footprint of uncertainty
(FOU). The system’s robustness may be verified by
comparison to the normative T1-FLC [21–23]. An IT2-
FLC controller is developed to address these issues
and maintain system stability in both steady-state and
dynamic load settings. Type 2 fuzzy sets have gained
popularity recently as ameans of lowering computation
expenses.

Figure 11 shows the illustrative diagrams of IT2-FLC
that is similar to type 1 Fuzzification, with the exception
of the reduction blocks. Gaussian membership param-
eters are cast off for stable methods. A Mamdani-based
FIS type and Centre of reductions groups are used with
49 limitations. Figures 12 and 13 display the Matlab
simulation-based IT2-FLC. The inverter must provide
a certain amount of reactive power in order to increase
stability under dynamic conditions. As a consequence,
the capacity of the grid is described using various sen-
sors,much like how larger powers are represented using
a comparator, and the error O/p is provided to the
controller to generate the proper gating pulses.

5. Results and discussion

This section assesses the efficiency of the suggested
strategy. The suggested method aims to resolve grid-
related PQ problems in HSES. By fixing PQ problems,
the main goal is to increase system reliability. Section
2 examined the drawbacks of organized procedures.
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Figure 13. Output from the Gaussian MF editor.

As a result, the proposed controllers and UPQC aid
in boosting power efficiency. By integrating UPQC
solely with an established controller, the suggested sys-
tem would boost stableness and voltages with current
demands in network interface HSES. To reduce PQ
problems in the HSES system, the proposed controllers
are used with the UPQC devices. Both in the presence
and absence of the system PQ concerns, the variables
are analyzed. The outcomes and the suggested strat-
egy were employed in MATLAB Simulink. The pro-
posedmethod is contrasted with existing PID, T1-FLC,
and IT2-FLC controllers-based controllers. At simu-
lated condition, THD values are taken at T1 = 0 sec,
T2 = 0.1 sec, T3 = 0.22 sec, and T4 = 0.3 sec for
mode 1 & mode 2 are displayed in Table 1. The pro-
duction and confirmation of power quality problems
include distortion, voltage fluctuations, sagging, and
swells. Power quality issues are resolved with UPQC
devices. By providing an appropriate pulse of series
and shunt active filters, the suggested controllers tackle
the power quality issues in the best possible way. The
UPQC can provide the capability required to address
Power quality issues and make system capacity adjust-
ments. In the UPQC layout, the dc-linking capacitance
is utilized to supply vital energy to minimize Power
quality issues in the proposed HSES systems. Electric-
ity can be produced using solar and wind technology to
satisfy the primary source load demands of the struc-
ture. The wind and Photovoltaic may be precious by
ecological conditions that may be lessened by imple-
menting the Maximum PowerPoint method into the
systems. In order to handle the peak load and reduce
the issue with the power quality system, the generated
power has been employed in the UPQC systems. A
loading device that connects to the grids is used in con-
nection with the UPQC technology. The assessment
of a proposed theoretical framework under three sys-
tem fault conditions, such as sag, high voltage, voltage
disturbances, and distortion value.

The recommended HSES approach makes electric-
ity travel to the point of connection possible in this
mode of operation. The inverters that act as the grid’s
link are used to distribute energy from the sustainable

Figure 14. (a) Active (P) power in kW (b) Reactive (Q) power in
kVAR.

source to the PCC in order to improve the PQ along the
line. PCC is connected to the series resistor–inductor
load of uncontrolled diode rectifiers, which is a general
non-linear load. Both active and reactive electricity is
provided by renewable sources to meet nearby needs,
with any realistic excess power being transmitted to
the grid. Since the grid voltage is not linear, combining
the input voltage’s fifth harmonic yields a total har-
monic distortion of 20.94%. Mode 1-PQ improvement
with RES power injection (RESP > 0) condition out-
comes of active power of Pload, Pgrid, Pdg is depicted in
Figure 14(a). The reactive power Qdg, Qgrid, and Qload
outcomes of theMode 2 is depicted in Figure 14 (b). The
THDvalues of the varying factors are highlighted in the
Table 1 scenario. Figure 15 shows the solar radiation,
wind velocity, and DG output of Mode1.

5.1. Mode-1 PQ improvement with RES power
injection (RESP > 0)

5.2. Mode-2 PQ improvement (RESP = 0)

In this scenario, a grid link called an inverter serves as
a Shunt active filter. In this circumstance, the inverters
only use a small amount of actual grid capacity to
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Table 1. Summary of mode 1 and mode 2 process simulated results.

Mode 1 Mode 2

THD (%) Phases T1 T2 T3 T4 T1 T2 T3 T4

Source Voltage a 21.95 21.17 19.97 19.15 20.99 18.98 19.25 19.01
b 16.06 12.01 12.26 11.58 17.98 11.99 16.48 16.11
c 19.97 20.01 17.64 17.11 19.94 18.12 17.00 13.65

Load Current a 18.32 18.89 19.04 19.08 18.18 20.29 18.08 17.98
b 25.92 24.78 26.18 26.13 26.12 26.16 25.95 27.99
c 16.98 16.04 17.09 17.64 18.23 25.48 17.98 17.01

Source Current a 25.02 19.88 19.97 19.98 26.22 19.88 19.95 19.95
b 24.99 11.45 11.66 11.66 26.13 25.17 25.95 11.45
c 24.96 18.21 17.32 16.05 22.24 16.71 16.29 15.98

Figure 15. (a) Solar Irradiation (b) Wind Velocity (c) DG Power.

Figure 16. (a) Active (P) power in kW (b) Reactive (Q) power in kVAR.

reduce loss and enhance DC bus voltage. Alternatively,
the inverters deliver the demand for actual and reac-
tive power electricity. The real power Pload, Pgrid, and
Pdg, as well as the reactive power Qload, Qgrid, and Qdg,

are shown in Figure 16 (a) and (b). The grid supplies
real electricity, while the inverters supply all of the reac-
tive power. Dynamic features are examined in Cases
I and II.
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Figure 17. Point of common coupling voltage Vs, Grid current Is, Load current IL, Inverter Terminal current Ic.

Figure 18. Point of common coupling voltage Vs, Grid current Is, Load current IL, Inverter Terminal current Ic.

5.3. Case1: conditions for non-linear load
variation

It is possible to examine the dynamic characteristics
of moment voltage sagging by including non-linear
load fluctuations. In this scenario, a bridge rectifier
using resistance inductive load condition appears to be

a non-linear demand. When t = 0.1 s, an extra resis-
tor–inductor load is added to the existing load and then
removed by 0.22 s. The current is amplified from 54.95
A to 61.98 A as a result. The transient response of a
voltage at the PCC, a load current, a grid current, and
an inverters terminal current is shown in Figure 17.
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Figure 19. Investigation of Voltage sag situations (a) Grid Voltage (b) Load Voltage (c) Injected Voltage.

Grid side Total harmonic distortion falls from 24.32%
before compensating to 19.92% after compensatory,
with load current harmonic distortion falling to 19.01%
and 19.02% of voltage interruption brought on by an
increase in PCC.

5.4. Case2: unbalanced non-linear load conditions

A bridge rectifier and a resistive, inductive load are
commonly coupled to the PCC as an imbalanced load.
From t = 0.1 s to 0.22 s, a single-phase resistive, induc-
tive load is associated between these 2 stages in this
circuit. Figure 18 demonstrates that even when unbal-
anced loads are coupled to the PCC, the grid cur-
rent, load current, and inverter terminal current are all
suited. When t = 0.1 s to 0.22 s, the THD of the load
current is 19.02, 25.35, and 17.04 percent, whereas it is
19.98, 11.33, and 17.31 percent for the harmonic distor-
tion of the load current. The system could be controlled
by reactive and nonlinear load current components.

5.5. Case3: conditions for voltage sagging

In this phase, a disturbance is introduced to cause sag-
ging in theHSES systems. For this system to run linearly
and consistently, the voltage sag must be fixed. The
UPQC ismade to estimate the required capacity tomeet
load needs while minimizing Power quality problems.
Figure 19 shows the injecting voltage, the grid voltage,
and the load voltage. Voltage injected by the recom-
mended controller is used to address the PQ problems.
Voltage balance in UPQC is achieved by all series and
shunt active filters.

5.6. Case 4: condition of voltage swelling

Enhanced voltage is referred to as swell when compared
to the reference voltage. System flaws lead to the obser-
vation of the swell condition. The swell needs to be
resolved in order to increase the system’s dependabil-
ity. A 480V voltage surgewas observed between t = 1.5
and 1.7 s and was corrected using UPQC equipment.
The voltage swell situation during grid voltage, load
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Figure 20. Investigation of Voltage swell situations (a) Grid Voltage (b) Load Voltage (c) Injected Voltage.

voltage and injected voltage are illustrated in Figure 20.
In this situation, the dc-link capacitors are utilized with
proposed controllers, which are primarily used to cal-
culate the absolute error, manage load consumption
and minimize power quality problems.

5.7. Comparison evaluation

The optimum THD value for the proposed IT2-FLC
is depicted in Figure 21. In an HSES-connected grid
system, the T1-FLC and IT2-FLC controllers’ ability
to mitigate distortion, asymmetric loading, imbalance
loading, drooping, and swelling are all explored. Fig-
ures 22 and 23 shows the P and Q power comparison
of conventional PID with proposed controller tech-
niques such as T1-FLC and IT2-FLC. According to
Table 2, the total distortion reduction has also been
compared between before and After UPQC compensa-
tion in accordance with the best standard while meet-
ing the demands of IEEE519. According to the study’s
findings, the proposed controller provides the highest P
and Q power output.

Figure 21. Total Harmonic Distortion for the proposed IT2-FLC
system.

Using a backup mechanism in the HSES-producing
system, the output of the grid is modified under differ-
ent environmental conditions. According to IEEE 519
standards, the PID controller with T1-FLC and IT2-
FLC is configured to sustain grid power stability while
lowering distortion to reduced proportions. The sug-
gested Controllers attain better outcomes by retaining
the system’s dependability and stability. By making the
optimum signal for series and parallel active filters, the
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Table 2. Harmonic order comparison between before and After UPQC compensation.

Before Compensation

Harmonic Order

Methodology 5 7 11 13 17 19 23

PID 27.78 14.57 12.78 12.09 11.18 11.05 10.27
T1-FLC 15.01 14.26 12.01 9.09 9.29 8.97 8.17
IT2-FLC 13.14 11.11 10.44 8.97 9.09 8.01 7.99

After Compensation

Harmonic Order

Methodology 5 7 11 13 17 19 23

PID 3.14 0.69 0.63 0.55 0.29 0.25 0.19
T1-FLC 1.08 0.35 0.24 0.17 0.7 0.21 0.05
IT2-FLC 0.25 0.15 0.12 0.08 0.07 0.04 0.03

Figure 22. Suggested Real Power (P) comparison between sev-
eral known optimization methods.

Figure 23. Suggested Reactive Power (Q) comparisonbetween
several existing optimization techniques.

proposed controllers in theHSES linked grid integrated
systems with the use of UPQC successfully reduce the
power quality problems related to grid current, imbal-
anced load, dips, swelling, and disturbances.

6. Conclusion

The HSES Grid interfaced system’s improved power
quality has become a real phenomenon that is being
researched. But, when non-linear loads and fast
switching features are applied, power quality issues
arise on the load side.Wemust utilize specialized power

electronic equipment essential in reducing compara-
ble issues to solve concerns about power quality. A
UPQC device controlled by an IT2-FLC-based con-
troller is suggested in the paper. The correct gain value
is mandatory to function the UPQC Control parame-
ters formed using the T1-FLC and IT2-FLC techniques.
The developed framework has previously undergone a
number of assessments, including Harmonic distortion
reduction, Mode II: PQ Improvement, and Mode I: PQ
Improvement using RESP Power Injection (RESP > 0).
In accumulation, we defined PQ problems such as volt-
age sags and swelling situations for voltage issues. The
suggested method is put into practice in the MATLAB
Simulation environment. The recommended technique
delivers the greatest results compared to existing tech-
niques like PID. In future, the proposed work will be
implemented with hybrid optimization techniques and
machine learning-based control techniques to improve
the performance characteristics such as speed of the
response and efficacy.
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Annexure

Table A1. Rule base for the proposed Membership Functions.

Change in Error Error NB NM NS Z PS PM PB

NB NB NB NB NM NM NS Z
NM NB NB NM NM NS Z PS
NS NB NM NM NS Z PS PM
Z NM NM NS Z PS PM PM
PS NM NS Z PS PM PM PB
PM NM Z PS PM PM PB PB
PB Z PS PM PM PB PB PB

Input subset is error and change in error using seven variables (NB, NM,
NS, Z, PS, PM, and PB) where NB-Negative Big, NM-Negative Medium,
NS-Negative Small, Z-Zero, PS-Positive Small, PM-Positive Medium, PB-
Positive Big with gaussian membership functions.

Table A2. Specifications of Solar,
Wind, and Battery.

Solar Panel

Sun Power SPR-305E–WHT-U

Maximum Power 305.226 W
Open circuit Voltage 64.2 V
Short Circuit Current 5.96 A
Voltage at MPP 54.7 V
Current at MPP 5.58 A
Cells per Module 96
Number of Parallel Strings 50
Number of series Strings 5

Wind Turbine
Rated Capacity 6∗1.5 MW
Cut-in Wind Speed 3.5m/s
Cut-out Wind Speed 25m/s
Rated Wind Speed 14m/s
No. of Blades 3
Rotor Speed 10.1-18.7 rpm

Battery
Nominal Voltage 12 V
Battery Capacity 200 Ah
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