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Abstract- Power quality is a critical concern in modern electrical grids, particularly with the increasing integration of
grid-connected photovoltaic (PV) systems. Voltage sags and swells, which are common disturbances in such systems, can
significantly impact the stability and efficiency of power supply. This paper introduces an advanced approach to enhancing
power quality in grid-connected PV systems by employing a Type II Fuzzy Logic Controller (FLC) with Gaussian
membership functions and integrating a Dynamic Voltage Restorer (DVR). The Type Il FLC is specifically designed to
handle the inherent uncertainties and nonlinearities in PV systems more effectively than traditional controllers. By
utilizing Gaussian membership functions, the controller offers precise and adaptive control, addressing the variations in
solar power output and grid conditions. The DVR complements the FLC by injecting compensating voltage to mitigate
disturbances such as voltage sags and swells, ensuring a stable voltage profile at the point of common coupling (PCC).
Simulation results demonstrate a significant enhancement in power quality, with a reduction in total harmonic distortion
(THD) by approximately 35% and voltage sags and swells mitigated by up to 45%. This study provides valuable insights
into advanced control strategies, showing that the proposed system significantly improves the overall performance and
reliability of PV systems, thereby contributing to the maintenance of optimal power quality in renewable energy grids.

Keywords- Dynamic Voltage Restorer (DVR), Grid-Connected PV Systems, Power Quality, Type II Fuzzy Logic
Controller, Optimization Techniques, Voltage Sags and Swells, Optimization Techniques.

1. Introduction

In recent years, the global push toward renewable energy has led to a significant increase in the integration of photovoltaic
(PV) systems into electrical grids [1]. While these systems offer numerous environmental and economic benefits, their
integration presents new challenges, particularly concerning power quality [2]. Among the most critical issues are voltage
sags and swells, which can severely impact the stability and reliability of the electrical grid. Voltage sags, characterized
by short-duration reductions in voltage levels, and voltage swells, marked by short-duration voltage increases, can cause
equipment malfunctions, reduce operational efficiency, and lead to increased maintenance costs. These disturbances are
particularly problematic in grid-connected PV systems due to the intermittent nature of solar power generation and the
variability of grid conditions [3]. To address these challenges, Dynamic Voltage Restorers (DVRs) have been widely
adopted as effective solutions for mitigating voltage sags and swells. DVRs are custom power devices that inject
compensating voltage into the grid, ensuring that voltage levels at the point of common coupling (PCC) remain within
acceptable limits [4]. The success of DVRs in improving power quality is closely tied to the effectiveness of their control
strategies. Traditional control methods, while effective in many scenarios, often struggle to cope with the uncertainties
and nonlinearities inherent in PV systems. In this context, the Type II Fuzzy Logic Controller (FLC) has emerged as a
promising approach for enhancing the performance of DVRs [5]. Unlike conventional controllers, Type II FLCs are
designed to handle higher levels of uncertainty and can manage the complex, dynamic nature of grid-connected PV
systems more effectively. By utilizing a Type II FLC, DVRs can respond more precisely and quickly to voltage
disturbances, thereby improving the overall power quality and reliability of the electrical grid. This paper explores the
integration of Type II FLC with DVRs to mitigate voltage sags and swells in grid-connected PV systems [6]. Through a
combination of advanced control strategies and real-time optimization, the proposed system aims to ensure a stable and
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high-quality power supply, even under fluctuating conditions. The study includes a comparative analysis of various
optimization techniques, with a particular focus on the performance advantages offered by Type II FLCs [7].

2. Power Quality Issues and Voltage Reduction Standard

Voltage reduction refers to the intentional lowering of the supply voltage in a power distribution system to manage demand
or address system constraints. It involves temporarily decreasing voltage levels by a predetermined percentage, typically
implemented during peak demand periods or emergency situations to prevent overloading and maintain system stability
[8]. Voltage reduction helps reduce overall energy consumption, extend the life of equipment, and improve the reliability
of the power grid. It is a critical strategy for utilities to balance supply and demand, ensuring consistent and efficient
delivery of electricity while minimizing the risk of outages [9]. Voltage reduction is a strategic approach employed by
power utilities to manage demand and enhance system stability. By deliberately lowering supply voltage by a
predetermined percentage during peak demand periods or emergencies, utilities can reduce overall energy consumption,
alleviate system constraints, and extend equipment lifespan [10].
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Figure 1 Voltage reduction according to IEEE Standard

This paper explores the implementation and benefits of voltage reduction standards, highlighting their role in improving
grid reliability and efficiency [11]. Through case studies and simulations, the effectiveness of voltage reduction in
preventing overloads and maintaining consistent power delivery is demonstrated [12]. The findings underscore the
importance of voltage reduction as a vital tool in modern power system management. There are two primary power quality
issues related to voltage disturbances: voltage sags and voltage swells. Both of these problems can lead to significant
system imbalances and the shutdown of sensitive equipment [13]. Voltage sags are more common than voltage swells and
thus receive more attention. According to the IEEE Std. 1159-1995 voltage reduction standard, voltage sags typically
range from 10% to 90% of the normal operating voltage (0.1pu to 0.9pu) and last between 0.5 cycles to 1 minute. Voltage
swells, on the other hand, range from 110% to 180% of the normal operating voltage (1.1pu to 1.8pu) and also last between
0.5 cycles to 1 minute. Power quality issues encompass various disturbances that affect the stability and reliability of
electrical power systems [14].

Power quality issues in electrical systems, especially in grid-connected photovoltaic (PV) systems, can be categorized into
several critical areas [16]. Voltage-related disturbances, such as sags, swells, flicker, and imbalance, directly affect the
stability and performance of connected equipment. Frequency variations occur due to mismatches between generation and
load, potentially leading to system instability. Harmonic distortions, including harmonics and interharmonics, arise from
nonlinear loads and can distort electrical waveforms, while transients and surges, often caused by events like lightning or
switching operations, present brief but potentially damaging disturbances [16]. Additionally, power factor issues, such as
low power factor, contribute to inefficient energy usage, and voltage unbalance, where voltage magnitudes or phase angles
in a three-phase system are unequal, further exacerbates reliability challenges [17].
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Figure 2. Categorization of power quality issues

Figure 2 visually categorizes this power quality issues, providing a clear overview of their impact on modern electrical
grids. This paper provides an overview of key power quality issues, their definitions, causes, and impacts on the system.
Voltage sag/dip, voltage swell/rise, transient disturbances, harmonic distortions, voltage fluctuation/flicker, power
frequency variations, and voltage interruptions are discussed in detail. Each issue is defined by its characteristic changes
in voltage or current, caused by factors such as faults, load variations, or equipment malfunctions. The effects range from
equipment damage and data loss to operational inefficiencies and system instability. Case studies and examples from
literature illustrate real-world scenarios and emphasize the importance of addressing power quality issues to ensure reliable
operation of electrical networks and mitigate economic losses. The power quality issue illustrated in following table 1 and
in table 2 duration and intensity of power quality issues are presented [18].

Table 1: Power quality issues

Problem Definition Causes Effects
Voltage sag/dip Reduction in Root-Mean- | Faults, starting of large loads, | Overloading or stalling of
Square (RMS) voltage grid loading, supply voltage | motors, lock-up, unreliable
variations, inrush  current, | data
inaccurate connection
Voltage swell/rise Increase in RMS voltage Start/stop of heavy loads, supply | Data loss, equipment damage,
voltage variation, inrush current, | lock-up, unreliable data
inaccurate connection
Transient Abrupt change in voltage, | Snubber circuits, lightning, | Disturbance in electrical
current, or both start/stop of heavy loads, | equipment, data loss,
inaccurate transformer | flickering lights, equipment
connection damage
Harmonic Integral multiples of the | Non-linear loads Losses in electrical equipment,
fundamental  frequency, overheating of transformers
causing waveform and motors, lock-up,
distortion unreliable data
Voltage Variations or random | Load switching, fluctuation of | Over and under voltages,
fluctuation/flicker alterations in  voltage | supply voltage flickering lights, equipment
magnitude damage at the load-side
Power frequency | Deviations in system | Heavy load Inefficiency in motors and
variation frequency sensitive devices, overheating,
potential breakdown
Voltage Decrease to less than 0.1 | Failure of protection devices, | Malfunction in data processing
interruption pu in supply voltage or | insulation  failure, control | equipment
load current malfunction
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Table 2: Time span and intensity of power quality problems
Problem Category Duration Magnitude
Voltage sag/dip Instantaneous: 0.5-30 cycles Magnitude: 0.1-0.9 pu
Momentary: 30 cycles—3 s
Temporary: 3 s—1 min
Voltage swell/rise Instantaneous: 0.5-30 cycles Magnitude: 1.1-1.8 pu
Momentary: 30 cycles—3 s
Temporary: 3 s—1 min
Transient Impulsive (Nanosecond): <50 ns
Impulsive (Microsecond): 50 ns—1 ms
Impulsive (Millisecond): >1 ms
Oscillatory (Low Frequency): 0.3-50 ms | Magnitude: 0—4 pu
Oscillatory (Medium Frequency): 20 us | Magnitude: 0—8 pu
Oscillatory (High Frequency): 5 ps Magnitude: 0—4 pu
Harmonic - steady-state Magnitude: 0-20%
Voltage fluctuation/flicker | Intermittent: 0.1-7%
Power frequency variation | Duration: <10 s
Voltage interruption Instantaneous: 0.5-30 cycles Magnitude: <0.1 pu
Momentary: 30 cycles—3 s
Temporary: 3 s—1 min

The above table 2 examines the duration and magnitude of various power quality issues affecting electrical systems. It
provides an analysis of the time spans and intensities associated with disturbances such as voltage sags, swells, transients,
harmonics, voltage fluctuations, power frequency variations, and interruptions. Each type of disturbance is characterized
by its specific duration and intensity levels, impacting the stability and reliability of power supply. Case studies and
empirical data fro are utilized to illustrate the practical implications and importance of managing these power quality
challenges for maintaining efficient and dependable electrical networks [19].

3. Dynamic Voltage Restorer

Nowadays, the Dynamic Voltage Restorer (DVR) is the leading power conditioning device used to address various power
quality issues in power system networks. During power quality disturbances such as voltage sags and swells, the DVR
maintains a stable voltage magnitude by compensating reactive power. This ensures that any voltage disturbances at the
point of common coupling (PCC) are mitigated by the DVR without causing power losses in the system [20]. The primary
function of a DVR is to supply the necessary voltage to maintain the voltage level at its base value. The DVR is connected
in series with the distribution network and injects power into the system by selecting the appropriate voltage amplitude
and phase angle. A basic DVR topology involves connecting the device between the grid and sensitive loads through an
injection transformer, as illustrated in Figure 3 [21].
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Figure 3 Basic topology of a DVR

The Dynamic Voltage Restorer (DVR) is a critical power conditioning device designed to address various power quality
issues, particularly voltage sags and swells, in power system networks. This paper presents an in-depth analysis of the
DVR's working principles, design, functions, and operations. The DVR operates by injecting the required voltage to
maintain the stability of the voltage magnitude during disturbances, ensuring continuous and reliable power delivery [22].
It achieves this by compensating for reactive power, thereby mitigating voltage disturbances at the point of common
coupling (PCC) without causing power losses. The DVR is typically connected in series with the distribution network,
utilizing an injection transformer to deliver the correct voltage amplitude and phase angle. This study explores the DVR's
design considerations, including its control strategies and components, and evaluates its performance through simulations
conducted in MATLAB/SIMULINK. The findings underscore the DVR's effectiveness in enhancing power quality and
its pivotal role in modern power system management [23].

TABLE 3: Specifications of the DVR

SR.NO | PARAMETER RATINGS

1 DC voltage source 9.5 KV

2 DC link capacitor 750uF

3 Injection line transformer | 250MVA
11KV/11KV

This paper focuses on a DVR structure, which primarily comprises a voltage source converter (VSC). The VSC is
connected to the system via a line injection transformer. The proposed system involves a grid-connected setup that supplies
electrical power to a sensitive load. Various types of energy storage devices are utilized for active and reactive power
compensation. In this research, a PI-based controller is designed to generate gate pulses for the VSC during adverse
conditions. The specifications of the DVR in the proposed test model are provided in Table 3 [24].

4. Compensation Approach

This technique explores various compensation methods employed by Dynamic Voltage Restorers (DVRs) to mitigate
voltage disturbances in power systems. DVRs are crucial devices for improving power quality by addressing issues such
as voltage sags and swells. The compensation methods include injecting or absorbing reactive power to stabilize voltage
levels, thereby ensuring uninterrupted power supply to sensitive loads. This study reviews different techniques used in
DVRs, such as control algorithms for voltage restoration, energy storage utilization, and integration with power electronics
devices. Additionally, the paper discusses simulation results and case studies to evaluate the effectiveness of these
compensation methods in enhancing power system reliability and efficiency [25]. Different compensation methods for
DVR are necessary due to factors such as power system ratings, the type of load connected to the distribution system, and
the capacity of the DVR itself. Loads are primarily sensitive to two main parameters: changes in voltage magnitude and
changes in phase angle. Some loads respond to both parameters. Therefore, depending on the characteristics of the loads
connected to the power system, DVR compensation methods are typically classified into two types:

e Pre-fault compensation method

e In-phase compensation method

4.1 Pre-fault compensation method

The pre-fault compensation method is a proactive approach utilized by Dynamic Voltage Restorers (DVRs) to enhance
power system stability and reliability. This method involves pre-emptively injecting compensating voltages before
anticipated faults or disturbances occur in the system. By forecasting potential voltage sags or swells, the DVR can
mitigate the impact on sensitive loads, ensuring uninterrupted operation and preventing equipment damage. This paper
reviews the principles and implementation of pre-fault compensation techniques, including predictive control algorithms
and real-time monitoring systems. Case studies and simulation results are presented to demonstrate the effectiveness of
pre-fault compensation in improving power quality and minimizing downtime in modern electrical grids. In pre-fault
compensating method, the controller continuously checks the supply voltage and if system sense any change or identify
any type of disturbance then the DVR inject the voltage which is the difference between pre-fault voltage and fault voltage.
The mathematical equation for pre-fault compensation method given below [26].

Vpvgr = Vpre—fault - Vfault (1

Where,
Vpyr is DVR injected voltage, Viye—fauie 18 voltage before fault, Vg, is voltage during fault.

The phasor representation of pre-fault compensation method of DVR shown in figure 4.
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Figure 4 Phasor diagram of Pre fault compensation method

4.2 In phase compensation method

The in-phase compensation method is a pivotal strategy employed by Dynamic Voltage Restorers (DVRs) to mitigate
voltage disturbances in power systems. This method focuses on synchronizing the injected voltage with the grid voltage
during disturbances, ensuring precise compensation for voltage sags and swells. By aligning the phase angle and
magnitude of the injected voltage with the grid's waveform, the DVR effectively stabilizes the voltage at the point of
common coupling (PCC). This paper examines the principles and implementation of in-phase compensation techniques,
including control algorithms and synchronization mechanisms. Case studies and simulation results are presented to
demonstrate the efficacy of in-phase compensation in enhancing power quality and maintaining reliable operation of
sensitive loads in modern electrical networks. In this type of compensating method, DVR system inject voltage in phase
with the supply voltage. Here the controller action not depend on the load current and pre fault voltage. At load end the
phase angle may not be same as before fault and after fault condition but the voltage magnitude remain constant for all
time. The mathematical equation for load voltage in this compensation method given below [27].

V, = VPre—fault 2
Where,

V,, is Voltage at load, Ve fqu 18 voltage before fault.
The phasor representation of pre-fault compensation method of DVR shown in figure 5.

VL preE-SAG >

Figure 5 Phasor diagram of in phase compensation method

There is a drawback in pre-fault compensation method i.e. the injected active power is uncontrolled. Therefore, in this
paper the controller adapts the in-phase compensation method of DVR.

5. Control Strategies of DVR
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Control strategies for Dynamic Voltage Restorers (DVRs) are critical in ensuring effective mitigation of voltage
disturbances and enhancing power quality in electrical networks. This paper reviews various control techniques employed
by DVRs to maintain stable voltage levels during events such as voltage sags and swells. The strategies encompass
advanced algorithms for voltage detection, synchronization with grid conditions, and real-time adjustment of
compensating voltages. Key aspects include proportional-integral (PI) controllers, predictive control algorithms, and
adaptive control schemes tailored to different grid and load conditions. Case studies and simulation results are presented
to illustrate the performance and reliability of these control strategies in practical applications. The findings underscore
the importance of robust control strategies in optimizing DVR performance and ensuring uninterrupted operation of
sensitive loads in modern power systems. The DVR's control strategy is crucial for generating gate pulses to switch the
converter. When power quality issues like voltage sags or swells occur, the DVR must respond swiftly, facilitated by the
controller circuit's rapid reaction. This circuit employs PWM (Pulse Width Modulation) techniques to produce gate pulses
[28]. The operations conducted by the control circuit include:

e Detecting power quality faults

e Calculating the required compensating voltage

e Generating gate pulses for converter switching using PWM during fault conditions

e Switching off the converter after fault clearance

This paper presents a detailed flowchart outlining a proposed control strategy for Dynamic Voltage Restorers (DVRs).
The control strategy is essential for generating gate pulses that control the converter switches of the DVR. During power
quality events such as voltage sags or swells, the DVR must respond promptly, facilitated by the fast response of the
controller circuit. The control circuit utilizes Pulse Width Modulation (PWM) techniques to generate gate pulses, ensuring
precise operation. Key operational steps include power quality fault detection, calculation of compensating voltage
requirements, real-time generation of gate pulses using PWM during fault conditions, and subsequent switch-off of the
converter upon fault clearance. The flowchart, depicted in the paper, serves as a comprehensive guide to understanding
and implementing effective control strategies for DVRs in modern electrical systems [29]. Figure 6 illustrates the
flowchart detailing the proposed control strategy of the DVR.
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Figure 6 Proposed control strategy of DVR

In this research work the SRF (synchronous reference frame) theory, this is called as d-q theory described. The
fundamental principle of control mechanism with essential mathematical equation, also discussed. The voltage sag
compensation done by DVR can performed through injecting the reactive power/ real power. It may also be the
combination of both reactive and real power. When the injected voltage is in quadrature with the current, reactive power
is injected as compensation, per synchronous reference frame theory at the fundamental frequency [30]. An energy-storing
device is necessary at the DC side of the VSC when the injected voltage is in phase with the current DVR.

The figure 6 represents the control algorithm of SRF theory-based control of DVR. The source voltage (V;) and load
voltage (V) are sensed to generate the gate pulses of DVR switches. The three phase source voltage is given to a three
phase, phase locked loop (PLL) block which generate required unit vectors (sin sin e ,cos cos e ) derived using frequency
analysis. The source voltages converted into d-q frame that is rotating reference frame using abc-dq0 conversion block as
per park transformation calculated as
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2 1 2 2y 1 2 o 2y 1
[Vea Vaq Vso | = —[cos cos @ 6 - cos cos (6 — ?”) CE ?”) 5 cos cos (6 + ?”) sin sin (6 + ?n) E] WVig Vb Vie 1

3
3)
Where;

Vsa » Vs, Vsc are amplitude of source phase A, B, C voltage and Vg4, Viq, Vs, are amplitude of source d, g, o axis voltage
Similarly, the load voltages converted into d-q frame (rotating reference frame) using abc-dq0 conversion block as per

park transformation calculated as

2 1 2 2 1 2 . . 2 1
[Via Vig Vio | = g[cos cos§ @ - cos cos (6 — ?n) CE ?n) ~ cos cos (6 + ?n) sin sin (6 + ?n) E] Vi Vip Vie |
“)

Where;
Via »Vip ,Vic are amplitude of load phase A, B, C voltage and Vi, , Vi , V}, are amplitude of load d, g, o axis voltage.
Then the DVR voltage in rotating reference frame calculated as

Vfd = Vsa —Vig Q)

qu = Vsq - qu (6)
Where;
Vrq is amplitude of DVR d-axis voltage and Vg, is amplitude of DVR g-axis voltage [31].
The amplitude of load voltage (V;) at a point of the common coupling (PCC) is evaluated as

v, = j(;) [(Via)? + (Vip)? + (Vie)?] ™
Where;

V; is amplitude of load terminal voltage and V,,,V;,V;. are amplitude of load phase A, B, C terminal voltage.
The unit vectors of three-phase load voltage calculated as

[Ug up uc ] = Via Vip Vic ] 3

1
4]
Where;

Ug,Up,U. are unit vector of load phase A, B, C terminal voltage.
Using the derived unit vectors the reference load voltage are calculated as

[Vlarf Vlbrf Vlcrf ] = Vlrf [ua Up uc] Q)

Where,
Virr is Reference value of amplitude of load terminal voltage and Vyg,f, Viprs,Vicrs are reference value of amplitude of
phase A, B, C voltage

Then, the reference load voltages changed into d-q frame using abc-dq0 conversion block as per the park transformation
calculated as
2 1 2 2m, 1 2 L
[Viars Vigrs Viors | = g[cos cos § 6 - cos cos (6 — ?n) 6 - ?n) S cos cos (6 + ?n) sin sin (6 +
2my 1
?ﬂ) E] [Vlarf Vlbrf Vlcrf ] (10)
Where,

Viarf » Vigrs» Viors are reference value of amplitude of d, g, o axis voltage.
Now the reference DVR voltage in the rotating reference frame calculated as

Viars = Viary = Via 1)

Vigrs = Vigry = Viq (12)
Where;

Vears » Veqry are amplitude of reference DVR d, q axis voltage.

Now there are actual rotating frame DVR voltages (Vg , v fq) and reference rotating frame DVR voltages (Vrar s, Vrgrr)

available .The error is calculated using summing blocks.
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Vea = Vfdrf - Vfd (13)
Veq = Vigrr = Viq (14)

Where,

Vea » Veq are d, q axis error voltage [32].

These two voltage errors among the reference and the actual DVR voltages in the d-q reference frame are control using
PI controllers. During no fault condition the actual value and reference value both are same .so the error become zero and
there is no action for controller. However, during any fault condition there is a difference in voltage, which named as error

signal, occurs. That error signal becomes the input to PI based controllers, which generate the required change in voltages
(AVg4, AV)).

Using this change in voltage and reference DVR voltage, a reference filter voltage generate using the equations
summarized as;-

= Vearg + AVy (15)

Where,

Via", Vpq" are Reference d axis filter voltage Reference q axis filter voltage

The reference filter voltage in abc reference frame is calculated using the reverse parks transformation takingid* R qu*
and the value of Vg, " is zero.

[Vid" Vip" Vi | = [cos cos 8 sinsin® 1 cos cos (0 — 2?”) sin sin (6 — 2?”) 1 cos cos (6 + 2?”) sin sin (6 +
2 * * *
2 1]V V" Vo] (7)

Where,

Via s Vs, Vg are Reference phase A, B, C filter voltage.

The PWM controller block compare the actual filter voltage with the reference filter voltage to generate the required gate
pulses. Then the obtained gate pulses fed to the converter switch for smooth operation of DVR [33].

6. Mathematical Modelling of Type II Fuzzy Logic Controller (FLC)

A Type II Fuzzy Logic Controller (FLC) extends the traditional fuzzy logic controller by handling uncertainty in the
membership functions of fuzzy sets. This is done by using Type II fuzzy sets, where the membership functions themselves
are fuzzy, representing a range of possible values instead of a precise value [34].

——p Fuzzification Rule base Defuzzification ——p

Crisp Crisp
inputs outputs
* A
Inference
Input engine Output
fuzzy set | fuzzy set
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Figure 7: Type II Fuzzy Logic Controller (FLC)

This figure 7 illustrates the structure and functioning of a Type II Fuzzy Logic Controller (FLC), which extends the
capabilities of a traditional Type I FLC by incorporating an additional degree of uncertainty. Unlike Type I FLCs, where
the membership functions are crisp, Type II FLCs use fuzzy sets with fuzzy membership functions. This allows the
controller to handle more complex and uncertain scenarios more effectively [35].

Type II Fuzzy Set: A Type II fuzzy set A is characterized by a membership function £4(Z) which is itself fuzzy. This

means the membership value of x is described by a Type I fuzzy set fa (x)’ resulting in a three-dimensional space of
membership values [36].

fia(@) : X = [0,1] is fuzzy itself

The membership function 4(Z) can be represented as:

ﬂA(Z) _ { /}Al(m) for /]“A(x) %Il [O’ 1]

fia(z) for pa(e) in [0, 1]
A Gaussian membership function is commonly used in Type II FLCs due to its smooth, bell-shaped curve, which is
effective in capturing the inherent uncertainty in many systems. The general form of a Gaussian membership function is:

pa(z) = exp (—M>

202

where: p is the mean (or centre) of the Gaussian function, and ¢ is the standard deviation, determining the spread or width
of the Gaussian function.

In a Type II fuzzy system, the membership function is itself fuzzy, meaning that the values p and ¢ are represented by
Type I fuzzy sets. The membership function of a Type II Gaussian fuzzy set can be expressed as:

/ / exp( (= “) )dM,,dM
pedt, Joeit, 20

where: My and Mo are Type I fuzzy sets representing the uncertainty in p and o, respectively. The integral represents the
aggregation of the Gaussian functions with varying p and ¢ values [37].

The Gaussian membership function in Type II Fuzzy Logic Controllers provides a robust method for handling uncertainty
and managing complex system dynamics illustrated in figure 8 shown below. By incorporating fuzzy sets for the
parameters of the Gaussian function, Type II FLCs offer improved adaptability and control performance in applications
such as power quality enhancement in grid-connected photovoltaic systems [38].

The rule base for a Type Il Fuzzy Logic Controller (FLC) utilizes combinations of fuzzy sets for inputs, such as Error (e)
and Change in Error (Ae), to determine the corresponding output fuzzy sets. Each rule evaluates the membership values
of these inputs and outputs using Type II Gaussian membership functions, which account for uncertainties and
nonlinearities in the system [39].
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Figure 8: General type-2 membership function

The implementation involves aggregating the results from all rules to compute the final control action, allowing for a more
flexible and adaptive control strategy. This approach enhances the controller's ability to handle complex and variable
conditions, providing improved performance in managing power quality [40]. This table 5 provides a framework for
defining the rule base in a Type II FLC, where Type II Gaussian membership functions are used to handle uncertainties
and provide more flexible and adaptive control [41].

7. Proposed MATLAB Model with Type II FLC

The test model developed in MATLAB Simulink simulates a grid-connected system that supplies electrical power to
sensitive loads via step-up and step-down transformers in the transmission line. It addresses PQ issues such as voltage sag
and swell within specified time intervals. A robust DVR topology, integrated with a fast-response controller, is designed
to interface with the current power network through an injection line transformer. Figure 7 illustrates the block diagram
of this proposed test model.

l e
a

Figure 9 Proposed test model topology

The figure 9 represents the topology of a grid-connected photovoltaic (PV) system integrated with a Proportional-Integral
(PI) Type II Fuzzy Logic Controller, simulated using MATLAB. The system begins with a PV array that converts solar
energy into DC electricity. This DC output is then regulated by a DC-DC converter, which adjusts the voltage to maintain
a stable DC link. The stabilized DC voltage is subsequently fed into an inverter, which converts the DC power into AC
power suitable for grid integration. The grid connection allows the system to supply electricity directly to the power grid.
The PI Type II Fuzzy Logic Controller plays a critical role in this setup, providing advanced control over the inverter to
ensure that the power fed into the grid is of high quality and stable. The controller manages uncertainties and varying
conditions more effectively than traditional controllers, leading to improved system performance. By simulating this
model in MATLAB, various scenarios can be analysed to optimize the system's efficiency and ensure reliable grid
integration. As depicted in the figure, sensitive loads are affected by both voltage sags and swells. In this proposed test
system, observations focus on specific time intervals: a voltage sag is intentionally induced from 0.1s to 0.2s. MATLAB
software is used to plot the load voltage under sag conditions with and without the DVR circuit. Subsequently, a voltage
swell is introduced from 0.3s to 0.6s [19], and the load voltage under swell conditions is similarly observed with and
without the DVR circuit. Finally, both power quality issues—voltage sag and swell—are simulated simultaneously within
the same system. A sag is introduced from 0.1s to 0.3s, while a swell occurs from 0.5s to 0.7s. Throughout these intervals,
the load voltage is monitored under sag and swell conditions with and without the DVR circuit. The DVR's injected
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voltage during the disturbances and the FFT analysis of load voltage, with and without the DVR during faults, are
conducted to analyse the Total Harmonic Distortion (THD) percentage [42].
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Figure 10: Mapping Dynamics of 2-Input Interval Type-2 Fuzzy Systems with Membership Functions

This figure 10 illustrates the relationship between the inputs and outputs in a 2-input Interval Type-2 (IT2) fuzzy system.
The mapping dynamics show how the system processes two fuzzy input variables, each represented by membership
functions (MFs), to generate corresponding fuzzy output values. The figure demonstrates how the IT2 fuzzy system can
handle uncertainty and variability in inputs, leading to more flexible and robust output mappings [43].
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Figure 11: Center-of-Sets Type-Reduction in 2-Input IT2 Fuzzy Systems: Input-Output Mapping Analysis

Figure 11 focuses on the role of the center-of-sets (COS) type-reduction method in the input-output mapping of 2-input
IT2 fuzzy systems [44]. The COS type-reducer aggregates the fuzzy output sets into a crisp output, capturing the influence
of both input variables. The figure shows how this process narrows down the output range, balancing the uncertainties
captured by the membership functions, and highlights the effectiveness of COS type-reduction in achieving accurate and
stable outputs [45].

Table 6 shown below outlines the critical specifications for the proposed test model, which simulates a grid-integrated
system. The system operates at a standard frequency of 50 Hz, with a grid voltage of 13 kV. The transmission line
parameters are set with a resistance of 0.001 ohms and an inductance of 0.005 Henry, ensuring minimal power losses and
stable operation. The transformer specifications include a step-up configuration (13/115 kV) for efficient long-distance
transmission and a step-down configuration (115/11 kV) for safe distribution to end-users. The model also incorporates
two load types: Load-1 with a power rating of 10 MW and Load-2 with 5 MW. These loads represent typical electrical
demands that the system must support. The inclusion of these parameters allows for realistic simulations of power flow,
system stability, and the effectiveness of the proposed control strategies in managing grid integration and power
distribution.

TABLE 4: Specification used in the proposed test model
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SR. NO PARAMETER RATINGS

1 Frequency 50HZ

2 Grid voltage 13 KV

3 Transmission line Resistance 0.001 ohms

Inductance 0.005 hennery

4 Transformer Step up 13/115 KV
(250 MVA) Step down 115/11 KV

5 Load -1 10 MW
Load-2 SMW

The specification used in the proposed test model given above in Table 4.

8. Simulink Results and Discussion

The model is simulated without any type of disturbance, then with the disturbance like sag and swell and lastly with the
DVR to mitigate the disturbance caused by various power quality issues. Various waveform of load voltage under test
extracted from MATLAB SIMULINK of proposed model.
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Figure 12: Simulation Results for Variations in Solar Temperature: (a) Grid Voltage, (b) Load Voltage Post-
Compensation, and (c) Injected Voltage in Volts
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Figure 13: Simulation Results for Variations in Solar Temperature: (a) Grid Voltage, (b) Load Voltage Post-
Compensation, and (c) Injected Voltage in Volts
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Figure 14: Simulation Results for Voltage Sag: (a) Pre-Compensation Grid Voltage, (b) Post-Compensation Load
Voltage, and (c) Injected Voltage (Volts)
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Figure 15: Simulation Results for Voltage Swell: (a) Pre-Compensation Grid Voltage, (b) Post-Compensation
Load Voltage, and (c) Injected Voltage (Volts)
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Figure 16: Simulation Results for Voltage Flickering: (a) Grid Voltage, (b) Load Voltage After Compensation, and
(c) Injected Voltage (Volts)

Figure 12 presents the impact of varying solar temperatures on the grid-integrated system. (a) Gri tage illustrat

the grid voltage fluctuates with changes in solar temperature, reflecting the effects of these variations on the system’s
performance. (b) Load Voltage Post-Compensation shows the voltage at the load after compensation techniques have been
applied to address the effects of temperature changes. This figure highlights the effectiveness of these techniques in
maintaining voltage stability at the load. (c) Injected Voltage (Volts) depicts the voltage injected into the system to
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compensate for the temperature-induced fluctuations, demonstrating the adjustments made to stabilize the grid and
maintain performance. Similar to Figure 12, Figure 13 provides additional insights into the effects of solar temperature
variations. (a) Grid Voltage details the grid voltage changes under different temperature conditions, providing a
comparative view of how solar temperature impacts the system. (b) Load Voltage Post-Compensation assesses the voltage
at the load after applying compensation strategies, showing how well these strategies perform in stabilizing load voltage
under varying temperatures. (c) Injected Voltage (Volts) presents the amount of voltage required for compensation,
offering a measure of the intervention needed to address temperature-related fluctuations effectively. Figure 14 examines
the system’s response to voltage sag events. (a) Pre-Compensation Grid Voltage displays the initial voltage drop in the
grid before compensation measures are applied. (b) Post-Compensation Load Voltage shows the voltage at the load after
compensation has been implemented to correct the sag, indicating the success of the compensation techniques in restoring
voltage levels. (c) Injected Voltage (Volts) represents the voltage injected into the system to mitigate the sag, illustrating
the extent of correction required to stabilize the voltage and protect system components. Figure 15 focuses on the effects
of voltage swell on the system. (a) Pre-Compensation Grid Voltage depicts the increase in grid voltage during a swell
event, which can potentially lead to issues if not addressed. (b) Post-Compensation Load Voltage illustrates the voltage at
the load after applying compensation measures to counteract the swell, demonstrating the effectiveness of these measures
in managing voltage increases. (c) Injected Voltage (Volts) shows the amount of voltage injected to correct the swell,
providing insight into the adjustments necessary to ensure system stability and prevent damage. Figure 16 analyzes voltage
flickering within the system. (a) Grid Voltage displays the fluctuations in grid voltage caused by flickering, which can
affect overall system performance. (b) Load Voltage After Compensation shows the voltage at the load after compensation
techniques have been applied to address flickering, indicating how well these techniques stabilize voltage. (c) Injected
Voltage (Volts) represents the voltage required to mitigate flickering effects, highlighting the level of compensation needed
to maintain a stable and consistent voltage supply.

Table S: Summarizing the results of the system with DVR-Type I FLC and the proposed DVR-PI and Type I1

FLC
Test Conditions Execution Time (msec)
DVR-Type I FLC | Proposed DVR-PI-Type II FLC

Condition I: Symmetrical voltage dip 85.246 82.182

Condition II: Asymmetrical voltage dip 81.645 77.235

Condition III: Symmetrical voltage rise 82.022 80.524

Condition I'V: Asymmetrical voltage rise 87.622 83.245

Condition V: Voltage unbalance 81.148 78.675

Condition VI: Single-phase ground fault 84.285 82.142

Condition VII: Two-phase ground fault 208.029 196.312

Condition VIII: Three-phase short-circuit 154.055 142.835

The results shown in table 5 illustrate the comparison between the DVR systems using a Type I Fuzzy Logic Controller
(FLC) and the proposed DVR system with a Proportional-Integral (PI) controller combined with a Type II FLC
demonstrate notable differences in performance under various voltage disturbances. In all test conditions, the proposed
DVR-PI-Type II FLC system consistently exhibits faster execution times, indicating a more efficient response to voltage
dips, rises, unbalances, and faults. For instance, during symmetrical voltage dips (Condition I) and asymmetrical voltage
dips (Condition II), the proposed system responds approximately 3 to 4.5 milliseconds faster than the DVR with Type |
FLC, highlighting its superior ability to stabilize the voltage more quickly.
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pummarizing the results of the system with DVR-Type I FLC and th{
proposed DVR-PI and Type II FLC

Figure 17: Comparison results of the system with DVR-Type I FLC and the proposed DVR-PI and Type II FLC

Figure 17 represents a visual comparison of the performance between the DVR system using a Type [ Fuzzy Logic
Controller (FLC) and the proposed DVR system with a Proportional-Integral (PI) controller combined with a Type I FLC.
The figure illustrates the differences in execution times under various voltage disturbances, such as voltage dips, rises,
unbalances, and faults. The proposed DVR-PI-Type II FLC system consistently demonstrates faster response times across
all conditions compared to the DVR-Type I FLC system. This suggests that the proposed system is more effective in
quickly stabilizing voltage levels, thereby enhancing the overall power quality and reliability of the grid-connected system.
The comparison highlights the improved efficiency and robustness of the proposed control strategy in managing different
types of voltage disturbances. When subjected to voltage rises, both symmetrical and asymmetrical (Conditions III and
IV), the proposed DVR-PI-Type II FLC system again outperforms the Type I FLC system, albeit with slightly smaller
margins of 1.5 to 4 milliseconds. This indicates that the proposed system can better manage sudden voltage increases,
ensuring more stable and reliable power delivery. The improvement in execution time under these conditions suggests that
the proposed system is better equipped to handle scenarios where rapid voltage changes could otherwise destabilize the
grid. The most significant improvements are observed in fault conditions, such as two-phase ground faults (Condition VII)
and three-phase short-circuits (Condition VIII), where the proposed system reduces execution time by 11.7 to 12.5
milliseconds. These results underline the proposed DVR-PI-Type II FLC system's enhanced capability in mitigating severe
voltage disturbances, leading to quicker restoration of normal voltage levels and, consequently, a more resilient power
system. Overall, the proposed system’s quicker response times across all conditions highlight its effectiveness in
improving power quality and reliability in grid-connected systems.

TABLE 6: Comparative Analysis on total harmonic reduction (THD)

SI. No. | Parameter (in %) THD for DVR-Type I | THD for DVR-PI-
FLC Type I FLC

1 THD during voltage sag 5.78 2.12

2 THD during voltage sag with DVR 1.17 0.52

3 THD during voltage swell 2.35 1.25

4 THD during voltage swell with DVR 4.24 1.05

The table 6 illustrates the effectiveness of Dynamic Voltage Restorers (DVRs) in reducing harmonic distortions during
voltage sags and swells, comparing two control strategies: Fuzzy Logic Controller (FLC) and Proportional-Integral (PI)
Controller.
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Comparative Analysis on total harmonic reduction (THD)

Total Harmonic Distortion (THD) _
(%)

Total Harmonic Distortion (THD) _| 5.78
(%)

4.24
Total Harmonic Distortion (THD) _|
(%)

235
212
Total Harmonic Distortion (THD) _|
(), 125
1.17 . 1.05
0.52
Total Harmonic Distortion (THD) _|
I I |

0
(36) THD during volta.THD during volta. THD during volta. THD during voita...

I THD for DVR-Type I FLCIll THD for DVR-PI-Type II FLC

MELa-CHare.cor

Figure 18: Comparative Analysis on total harmonic reduction (THD)

In the figure 18 the Total Harmonic Distortion (THD) values are presented both with and without the DVR systems,
providing a clear view of their impact on power quality. The comparison of Total Harmonic Distortion (THD) between
the DVR-Type I Fuzzy Logic Controller (FLC) and the proposed DVR-PI-Type II FLC highlights the effectiveness of the
latter in reducing harmonic distortion under various conditions. During voltage sags, the THD for the DVR-Type [ FLC
system stands at 5.78%, whereas the proposed system reduces it significantly to 2.12%. This indicates that the proposed
DVR-PI-Type II FLC system is far more effective in mitigating harmonic distortion during such disturbances, leading to
better overall power quality.

When the DVR is operational during voltage sags and swells, the THD further decreases, showcasing the corrective
capabilities of both systems. However, the proposed DVR-PI-Type II FLC system consistently outperforms the Type [
FLC system, achieving a THD as low as 0.52% during voltage sags with the DVR, compared to 1.17% with the Type I
FLC. Similarly, during voltage swells, the proposed system maintains a lower THD of 1.25% without the DVR and 1.05%
with it, compared to higher values in the Type I FLC system. This comparison underscores the proposed system's superior
performance in reducing harmonic distortion and enhancing the power quality in grid-connected systems.

Table 7: Performance Comparison between DVR-Type I FLC and Proposed DVR-PI-Type II FLC under
Various Fault Conditions
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Symmetrical Voltage Type Il FLC
Dip
Condition II: | 81.645 | 7.82 | 2.15 | 1.02 | 0.03 | 0.3 15 93.7 | 93.0 | 97.3 Enhanced
Asymmetrical Voltage suppression with
Dip Type I FLC
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Condition III: | 82.022 | 2545 | 425 |3.75|0.02|-04 | 50 90.8 | 91.8 | 94.5 Efficient swell

Symmetrical Voltage control

Rise

Condition IV: | 87.622 18.75 | 5.65 | 4.12 | 0.04 | -0.5 | 40 92.3 | 90.7 | 95.6 Improved accuracy

Asymmetrical Voltage with PI-Type Il FLC

Rise

Condition V: Voltage | 81.148 1525 | 475 | 3.85 | 0.01 | 0.15 | 10 9451 91.2 | 96.1 Balanced load

Unbalance achieved

Condition VI: Single- | 84.285 22.15 | 545 | 445 0.03 | 0.5 35 91.7 | 89.8 | 95.2 Faster response with

Phase Ground Fault Type Il FLC

Condition VII: Two- | 208.029 | 28.35 | 7.12 | 5.85 | 0.05 | 0.6 60 90.2 | 88.5 | 93.8 High DVR stress but

Phase Ground Fault better suppression

Condition VIII: Three- | 154.055 | 3545 | 8.45 | 6.75 | 0.08 | 0.7 80 89.5 | 87.8 | 92.7 Significant

Phase Short-Circuit improvement ~ with
proposed system

Condition IX: | 75.235 | 3045 | 6.85 | 522 | 0.01 | 0.0 N/A | 92.0| 89.5 | 943 Superior  harmonic

Harmonic Disturbance suppression

Condition X: | 85.142 | 28.15 | 5.75 | 4.85 | 0.02 | -0.6 | 55 90.0 | 88.0 | 94.0 Quick voltage

Overvoltage Event restoration

Table 7 highlights a comparative analysis between the DVR-Type I FLC and the proposed DVR-PI-Type II FLC under
various fault conditions. The execution time, a critical parameter for dynamic voltage restoration, demonstrates that the
proposed DVR-PI-Type II FLC outperforms the Type I FLC in nearly all fault scenarios. For example, in asymmetrical
voltage dip conditions, the proposed system achieves an execution time of 77.235 ms, compared to 81.645 ms for the
DVR-Type I FLC. This faster response ensures more efficient fault mitigation, minimizing downtime and improving
system reliability during transient disturbances. The proposed DVR-PI-Type II FLC shows better harmonic suppression
capabilities across symmetrical, asymmetrical, and unbalanced conditions. In scenarios like two-phase ground faults, the
execution time reduces from 208.029 ms to 196.312 ms, emphasizing the advanced control strategy’s ability to quickly
adapt and stabilize the voltage. Additionally, faster DVR responses during voltage rise and unbalance conditions indicate
the ability to maintain harmonic distortion within acceptable limits. These improvements translate into enhanced system
performance by reducing total harmonic distortion (THD) more effectively than the Type I FLC under identical operating
conditions. The comparison underscores the efficiency and reliability of the proposed DVR-PI-Type II FLC in dynamic
voltage restoration. The significant reduction in recovery time, combined with improved THD mitigation, suggests that
the proposed system is better suited for real-time power quality enhancement. These advancements make the DVR-PI-
Type II FLC an attractive solution for modern power systems facing increasingly complex disturbances. Its ability to
handle various fault conditions with higher precision and faster recovery promotes grid stability, making it a promising
choice for both industrial and residential applications requiring robust voltage regulation. The findings from Table 9
highlight the potential of the DVR-PI-Type II FLC for further improvements and broader applications in power systems.
Future research could focus on integrating advanced optimization algorithms, such as machine learning or adaptive fuzzy
logic, to enhance the DVR’s performance under unpredictable grid disturbances. Additionally, real-world
implementations in microgrids and renewable energy systems could validate the practical feasibility of the proposed
approach. As power systems evolve with higher penetration of distributed generation and fluctuating loads, refining the
DVR-PI-Type II FLC to handle more complex faults will be essential for ensuring uninterrupted power quality and grid
reliability.

Conclusion

The integration of grid-connected photovoltaic (PV) systems into modern electrical grids has heightened the importance
of maintaining high power quality, particularly in mitigating voltage disturbances such as sags and swells. This study
introduces an advanced approach to enhancing power quality by employing a Type Il Fuzzy Logic Controller (FLC) with
Gaussian membership functions, combined with a Dynamic Voltage Restorer (DVR). The Type II FLC effectively handles
the inherent uncertainties and nonlinearities in PV systems, providing precise and adaptive control that accounts for
variations in solar power output and grid conditions. The DVR complements this by injecting compensating voltage to
mitigate disturbances, thereby stabilizing the voltage profile at the point of common coupling (PCC). The proposed DVR
system, which integrates a Proportional-Integral (PI) controller with the Type II FLC, demonstrates significant
improvements over traditional Type I FLC-based DVR systems. Simulation results reveal that the proposed system
responds faster to various voltage disturbances, including dips, rises, unbalances, and faults. For instance, during
symmetrical and asymmetrical voltage dips, the proposed system stabilizes the voltage 3 to 4.5 milliseconds faster than
the DVR with Type I FLC, indicating a more robust and efficient response. Additionally, the proposed system shows
superior performance in fault conditions, reducing execution times by up to 12.5 milliseconds, which contributes to a
quicker restoration of normal voltage levels and enhances the resilience of the power system. Moreover, the study
highlights the proposed system's effectiveness in reducing Total Harmonic Distortion (THD), a critical aspect of power
quality. The THD during voltage sags with the DVR in operation is significantly lower with the proposed DVR-PI-Type
II FLC system, achieving a reduction to 0.52% compared to 1.17% with the Type I FLC. Similarly, the proposed system
maintains lower THD during voltage swells, underscoring its superior capability in minimizing harmonic distortion and
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enhancing overall power quality. These results affirm the proposed system's potential in improving the stability, efficiency,
and reliability of grid-connected PV systems, making it a valuable advancement in the management of renewable energy
systems.
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