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ABSTRACT

The growing integration of renewable energy sources into power grids has posed ma-
jor challenges to maintaining power quality and system stability. Therefore, this study
proposes an Artificial Neural Network (ANN)-based Unified Power Quality Conditioner
(UPQC) for enhancing the power quality of a grid-connected photovoltaic (PV) and energy
storage systems (ESS), mitigation of power quality issues of renewable energy integration
to grid is the main contribution made by this research.

In this paper, UPQC utilizes the NPC converter in both series and shunt active filters. The
study examines THD improvement, PF compensation, voltage regulation under nonlin-
ear loads, grid disturbances, and faults (L-G and L-L-L-G) in ANN-tuned UPQC against
PI-controlled UPQC. The Series Voltage Conditioner (SVC) mitigates voltage magnitude
sagging, swelling, and imbalance, whereas the Shunt Current Conditioner (SHVC) mit-
igates harmonic distortion, load imbalance, and reactive power. FUZZY logic MPPT is
implemented for optimal PV extraction with fast and stable convergence. In addition, ESS
with FUZZY Logic Controller (FLC) supports grid stability by handling power variations
and improving dynamic response. MATLAB/Simulink simulations verify THD reduc-
tion, mitigate voltage sag/swell and Power Factor (PF) improvement, of the system and
establish the dominance of ANN-based control over traditional ones.

The Cesar Apartment, located in Lalitpur, Nepal, is the real-world test system under con-
sideration here, and it is already equipped with PV modules as well as ESS. Despite this,
the system suffers from power quality issues such as harmonics and fluctuating PF, in
addition to being poor in extracting the maximum power from the PV modules. This pro-
posal involves utilizing a UPQC with ANN-based control to provide solutions for these
issues. Furthermore, FLC algorithm for control schemes was designed to improve ESS
performance and maximize power point tracking of PV. The results from the simulations
show significant improvement in power quality, as well as energy utilization, have been
obtained.
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CHAPTER ONE: INTRODUCTION

1.1 Background

Renewable energy sources, including photovoltaic (PV) systems, and battery storage are
becoming more common in the power grid. This can create opportunities and challenges
for power quality. For instance, this thesis considers power quality issues on the distribu-
tion grid. The PV system and battery storage are connected through the point of common
coupling (PCC) to the grid and this system serves both resistive and non-linear loads. The
work is based on a hypothetical model and tested with real-time data collected over a pe-
riod, with the main metrics such as active power, reactive power, total harmonic distortion
(THD), power factor and stability.

In a world of transition, the energy sector is now converging to replace regular forms of
energy such as fossil fuels and nuclear power with Renewable Energy Sources (RESs)
such as solar, wind, and tidal energy.The increasing socio-economic environmental is-
sues of large-scale power plants have led researchers and policymakers to explore alterna-
tive energy solutions, such as hybrid renewable energy systems (HRES), which integrate
multi-renewable sources to improve energy efficiency and reliability, resulting in greater
diversity and resilience in the current power infrastructure[1]. Among others, the chang-
ing aspects toward this direction are a crucial requirement for sustainable energy supply,
rising environmental awareness, and the market growth of renewable energy technology.
Various RESs have been appreciated as bright suitors for conventional energy sources be-
cause of their nature of being abundant, accessible, and kind to Mother Nature. Different
from fossil fuels, RESs do not, in other modalities, foster depletion of natural reserves
while they apply a big contribution into greenhouse gas emissions reduction. The resul-
tant use of RESs purportedly mitigated global warming effects and carbon footprint, thus
theoretically serving as an answer to the struggles against aspects of climate change [2].

Variable Renewable Energy Resources (VRER), namely solar and wind, are central to
achieving a cleaner, more sustainable energy future, yet they pose real challenges in terms
of grid stability and reliability due to their variability. These challenges were examined
and possible solutions were considered, including better forecasting, energy storage op-
tions, and supportive policy programs. Ultimately, with planning and collaboration, the
integration of VRER is manageable, and we can create or hold accountable a power sys-
tem that is resilient and environmentally responsible.[3]. While renewable energy sources,
that is, wind and solar, provide numerous advantages, they are also quite limited due to
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their reliance on specific weather conditions as well as geographical location. Variabil-
ity in sunlight and wind patterns translates to fluctuation in power generation, causing
instability in the grid, hence posing a direct and significant challenge to backup supply,
especially at peak times. The output of RES can also be hard to predict, causing voltage
and frequency fluctuations that can substantially affect the grid performance as well as
operational efficiency [4].

Recently, a variety of Maximum Power Point Tracking (MPPT) methods have been stud-
ied to optimize the efficiency of photovoltaic (PV) systems under various environmental
conditions, such as temperature and irradiance.To deal with these challenges, the joint use
of RE Sources with Energy Storage Systems has become a solution with high potential.
ESS is very important for balancing the energy supply and demand since it stores any ex-
cess energy when the production is high and releases it when it is needed. Battery storage,
pumped hydroelectric storage, and supercapacitors possess much value added to quality of
enhancing grid ability to assimilate renewable energies, while keeping stable and reliable.
The combination of RES and ESS adds a surely more resilient power system, contributing
to manage probably better variations in energy supply and demand and, thus, making a
contribution to the enhancement in the efficiency of renewable energy consumption [5].

In recent years, AI techniques such as ANN, FLC controller, and machine learning algo-
rithms have been explored for optimizing the performance of integrated RES-ESS systems
to reach the desired target values. Real-time predictions, decision-making, and adaptive
control can be accomplished using these smart control techniques to maintain power sys-
tem’s effectiveness and reliability. The grid can, therefore, be applied directly for dynamic
response to changes in RES generation to keep the power supply system more stable and
sustainable by the means of AI technologies.

The data collected from Jan-March of 2025, revealed significant fluctuations in active and
reactive power, Total Harmonic Distortion (THD), and solar generation output, indicating
serious operational issues. On 20/03/2025 Active power loading ranged considerably over
the course of the day, with peaks of net around 64,871.789 W consumed load at 1 AM
on Off PV timeframe, There was a similar tendency with reactive power, having a peak
of 57,655.805 VAR at peak load indicating power factor around -0.745 reactive power
corrective issues. Also, the THD values were above acceptable limits for the Load AC
Current across all A, B, and C phases, On 12/03/2025, THD are peaking at 252.28%,
308.08%, and 193.07% around 7 AM. Similarly, THD occurred on March 25, 2025, at
15:00, when the Load AC Current THD (Phase A) reached 205.24%. The THD for phase
B was 149.26%, and for phase C, it was 361.62%. During that same hour, we also observed
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the system exhibiting a power factor of 0.861. In most cases, the THD value fluctuates
between 30% and 60%. This demonstrates significant distortion in the waveform of the
source, possibly as a result of heavy non-linear loads and from an inverter. Alternatively,
the best case for THD and poor case for PF occurred on March 9, 2024 at 7:00 AM,
beginning with the THD of current Phase A at 5.23, Phase B at 5.91, and Phase C at 6.06,
on the contrary the power factor was lagging and this is not favorable i.e. 0.717 using
load net active power of 42.681 kW, and reactive power of 41.366 kVAR with a total
apparent power of 59.439 kVA, concurrently the solar generation for that time period was
approximately 9 kW. With all the available data voltage THD seems quite satisfying which
ranges from 2-4% which is under IEEE 519 standard.

Solar energy production exhibited a natural diurnal variation with the peak production of
46,293.238 W at 11:00 PM on 31/03/2025, and negligible production at night. The net
active power supplied is 33,204.805 w with net reactive power consumed of 5,720.606
VAR at active irradiance time, suggesting that electricity is being fed back to the system.
and at the same time THD value of current of phase A, B and C are 5.6%, 8.75% and 9.3%
respectively with PF of 0.985. Similarly, on March 4, 2024 at 12:00 PM, PV generates
40,136.078 W with net active power supply to grid of 14,193.986 W. At this time system
has PF of 0.884 and load current THD of Phase A, B and C are 40.63%, 26.39% and
50.001% respectively which is very above the IEEE 519 Standard.

First of all, in this project we are developing the efficient model for research, The proposal
is for a three-wire, three-phase grid that incorporates PV and ESS via a phase inverter. The
equivalent nonlinear loads cause harmonic disturbances, swells, and dips in the voltage
under working conditions. A consistent frequency of 50 Hz is maintained together with an
AC voltage Ph to ground of 230 V. The regulation of fault voltage circumstances is done
with a UPQC. Alongside a roughly 60 kW rated PV system, and a DC-coupled Energy
Storage System, a nine 48V 30Ah battery with rated capacity 13 kWH with a battery bank
linked via a bidirectional converter is used in conjunction. In the current study, ANN is
utilized as a controller in the NPC converter inside UPQC, and the FLC approach has
produced the suggested MPPT for a PV system.

In this aspect, it has been proposed that ANN-based UPQC is an best approach for im-
proving power quality in grid-connected PV-ESS systems. In addition, capable of always
learning and adapting to the dynamics of a system, AI provides a precise control and an ef-
fective mechanism for real-time improvement in power quality. Although ANN would be
time-consuming with the training, high accuracy and reliability, in turn, make it a prospec-
tive control tool of power quality devices within the renewable energy systems.
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1.2 Problem Statement

The rise of renewable energy, especially photovoltaic (PV) systems, has brought to light
many issues, such as fluctuations in voltage, intermittent generation. At the same time,
Energy Storage Systems (ESS) are faced with issues such as control, operation, and co-
ordination of renewable generation. New modern, sensitive loads are more susceptible
to power quality issues such as voltage sags and swells, harmonic disturbances, or un-
balanced conditions caused by caused by non-linear loads and inverter-based generation,
resulting overheating in electrical equipment, and inefficient power transfer. Further to
this, imbalances in voltage and reactive power result in an inherent instability on the grid,
leading to higher losses, inefficient operation in electrical loads, as well as penalties for
non-compliance with grid standards. Voltage sags and dips are the extreme case as indus-
tries mostly are reliant on fragile electronics, while harmonics and flicker decrease the life
of electrical components. The existing mitigation devices that can be used to address these
emerging and challenging situations have demonstrated limitations on their effectiveness
in more complicated scenarios, mostly due to dynamic grids with high levels of renewable
and ESS penetration.

1.3 Objectives

The objective of the study are mentioned below:

• To enhance solar energy extraction of PV system using FUZZY MPPT and to inte-
grate an ESS with the grid using FLC-based control for grid support.

• To develop an ANN-based control strategy of UPQC with NPC controllers which
gives efficient voltage regulation, harmonic elimination, and perform active/reac-
tive power compensation to improve power factor compared to traditional con-
trollers.

1.4 Scope

The main scope includes:

• Enhance the quality of power in the distribution system utilizing a UPQC with NPC
type inverters to alleviate the impact of voltage disturbance, harmonics, and reactive
power in the distribution network
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• Create intelligent control with ANN based schemes for adaptive and robust opera-
tion under varying loading and source conditions of supply.

• Implement PV and ESS for efficient energy management, renewable energy usage,
and peak shaving during higher load demand.

1.5 Limitation

• Some key assumptions made within this analysis might not make room for real-
world complications.

• Does not take into consideration the cost-effectiveness or economic aspects of ESS
sizing.

• The power quality and stability are prioritized while large grid dynamics are ne-
glected.

• A limited study on extreme situations-such as long durations of low PV or ESS
degradation.

1.6 Thesis Organization

The dissertation is organized into five chapters. This section enlists a brief outline of each
chapter and its contents.

• This chaptergives brief introduction of the dissertation. The problem statement is
described and followed by the objectives of the thesis.

• Chapter 2explores the necessary literature review done for this dissertation.

• Chapter 3describes the research methodology of the dissertation including the MAT-
LAB simulation and workflow.

• Chapter 4discusses the obtained results and performs the analysis of the ANN-based
control system of UPQC compared with conventional controller and also compare
the real system o/p data with updating the real i/p data to proposed model.

• Chapter 5concludes the thesis work.

Finally, this thesis will end with a list of references and the relevant appendices.
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CHAPTER TWO: LITERATURE REVIEW

This chapter explores the necessary literature review done for this dissertation. It covers
the overview and fundamentals of PV, energy storage system, unified power quality conrol
and machine learning theory.

2.1 Overview

Renewable energy integration relies on power electronic devices like converters and in-
verters, which can degrade power quality on both the source and load sides. Additionally,
non-linear loads at the point of common coupling (PCC) introduce harmonics, worsening
existing issues. Common power quality problems include voltage sags, swells, flicker,
and harmonic distortions [6].

The primary concerns of power quality are: Voltage and current variations caused by un-
controllable variability of renewable energy processes. Renewable energy resources cause
intermittent supply due to the variability of weather conditions that change with time, caus-
ing variations in frequency and voltage at the interconnected power system. Harmonics,
which are caused by power electronics that are used in the generation of renewable en-
ergy. When the penetration level of renewable energy resource is higher, then the effect
of harmonics could be significant [7].The growing penetration of renewable energy (RE)
sources has raised power quality (PQ) issues due to their intermittent nature and relevant
interfacing converters connecting them to the grid. Numerous approaches have been used
to detect and classify PQ disturbances in RE-penetrated utility networks, using feature
extraction methods, even in noisy environments. Additionally, advanced signal process-
ing methods and machine learning approaches have been widely reviewed, which serve
to maximize state estimation, monitoring and mitigation of PQ issues [8].

Different methods are used to mitigate the power quality concern in grid. These include
FACTS devices such as UPFC, UPFC-FLC, GUPFC, UPQC, and SVC, which are used to
mitigate THD and enhance power quality for bettering grid performance [9]. addition, in
the literature [10] deals with the use of UPQC to alleviate power network and harmonic
disturbances via PV-BESS. A PV-BESS integrated UPQC ensures voltage support and
stable power even in times of voltage interruptions . This too is far superior to SVC,
Statcom, and DVR with respect to voltage enhancement, harmonic alleviation, current
enhancement, and improvement of system power quality [11]. In the presence of linear
and nonlinear loads simultaneously, the UPQC outperformed the DVR. The UPQC was
able to effectively mitigate voltage sag, and voltage swell, and account for harmonics plus
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the UPQC was faster, and restored better voltage waveforms when compared to the DVR.
Furthermore, the UPQC kept THD within acceptable levels making it better at keeping
voltage stable thus helping with power quality makes for better microgrids [12].

The SRF and dq0 concept based control strategies are used for series and shunt connected
active power filter of UPQC. UPQC reduces voltage fluctuations and harmonic distortions
with series and shunt active power filters implemented with SRF and dq0 strategies [13].

In comparison with the classical PI controller, the UPQC-ANN-RE system is able to
achieve slightly better THD in load-side voltage and currents, while being capable of
eliminating harmonics due to the operation of nonlinear loads. Both systems meet IEEE
519 harmonic distortion standards [14]. The FLC-based MPPT is superior to ANN-based
MPPT in PV, Wind, and ESS for an efficient and economical use of power. They give
electric vehicles the flexibility to consume power and assist the grid during peak load and
off-peak periods if proper controllability and grid integration are provided. Real-time pre-
dictions, decision-making, and adaptive control can be accomplished using these smart
control techniques to maintain power system’s effectiveness and reliability [15].

Uncertainty in RE sources can be avoided when using FLC-based MPPT algorithms. The
FLC-based MPPT is known to have been carried out for avoiding the uncertainties from
climate conditions related to solar [16], Several parameters, such as irradiation and tem-
perature, must be analyzed when modeling PV systems, as RESs are sensitive to both
weather and location. A variety of Maximum Power Point Tracking (MPPT) methods
have been studied to optimize the efficiency of photovoltaic (PV) systems under various
environmental conditions, such as temperature and irradiance. Because fuzzy logic con-
trol (FLC) responds quickly to changes in the environment and is insensitive to changes
in circuit characteristics, it is a remarkable method when used for MPPT. The accuracy
benefits shown by the FLC MPPT technique have boosted the system’s ability to operate
at the Maximum Power Point (MPP) [17].

Energy storage devices, including batteries and ultracapacitors, contribute significantly to
the improvement of transient stability by reducing power variations. The study [18], which
evaluates system response with various DG types, fault scenario types and fault levels
of penetration, verifies that storage is effective at enhancing stability/reliability within a
power system and improves the integration of DG in contemporary power systems. ESS
is very important for balancing the energy supply and demand since it stores any excess
energy when the production is high and releases it when it is needed.
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2.2 Solar PV System

Solar cells are semiconductor devices used to convert sunlight directly into electrical en-
ergy in a PV solar system. Considered a clean, renewable energy source, solar power
has become one of the biggest renewable sources of energy for the benefit of the earth,
reducing greenhouse emissions, and contributing to the goals of sustainable energy de-
velopment. A PV system consists of four standard components: solar panels, inverters,
optional battery storage, and a connection to the grid. Since they can supply power in a
continuous manner, PV systems are now also of interest with regard to their integration in
conjunction with energy storage systems (ESS) or hybrid systems.

The working principle of a photovoltaic system is explained by the photovoltaic effect. In
this effect, sunlight represented by its photons excited the electrons of the semiconductor
material and hence developed the electric current. The performance of a PV cell is guided
by its respective parameters, namely:

Open-circuit voltage (Voc):The voltage across the PV cell terminals when there is no
load;

Short-circuit current (Isc):The current that passes when the terminals are shorted;

Maximum power point (MPP): The point at which the PV cell works at its maximum
efficiency in terms of both voltage and current. The electrical power output from solar
panels will depend on the intensity of light, the area of the panel, and the characteristics
of the cell.

Figure 2.1:PV Single Module
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A PV module uses the single-diode equivalent model to generate power dependent on
temperature and solar irradiation. The following factors control the I-V characteristics:

I L = I S � I sat
�

exp
� V + I L Rseries

cVT

�

� 1
�

�
V + I L Rseries

Rparallel
(2.1)

VT =
kT
q

QdNcellNser (2.2)

Where: -I L = Output current from the PV panel -I S = Photogenerated current (depends
on irradiance) -I sat= Reverse saturation current -VT = Thermal voltage -c = Diode
quality factor -Rseries= Series resistance -Rparallel= Parallel resistanceTemperature
and Irradiance Effects

I S = I SC �
G

Gref
(2.3)

VOC = VOC;ref+ kT (T � Tref) (2.4)

Where: -I SC = Short circuit current -VOC = Open circuit voltage -G = Solar irradiance
-T = Module temperature -kT = Temperature coefficient

Power Calculation
PP V = VP V � I P V (2.5)

2.3 Energy Storage System

Even though electricity has, by and large, been regarded as a non-storage able product
even though pumped hydro and electrochemical battery technologies have been around for
a considerable period. Explain things that have been omitted or viewed as not sufficiently
practical – everything from excess building costs, to not enough operational capacity for
use of energy in electric power systems – is extensive. Current and advanced storage
technologies, and the ongoing effort to enhance electric energy storage (EES), are getting
significant attention today. Given existing market structure and the new potential of EES
technologies, numerous EES applications have been developed and are under investiga-
tion. Every ESS system converts electrical forms of energy into other forms of energy like
mechanical, chemical, thermal, etc. Based on the storage energy nature ESS have differ-
ent technologies, configurations, and characteristics. ESS can be classified according to
their storage technologies as electrical, thermal, mechanical, chemical, electrochemical,
and hybrid systems. Among these, let us talk about the electrochemical energy storage
system.
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2.3.1 Electrochemical Energy Storage System

Electrochemical storage refers to battery technology, which is the storage of chemical
energy that has a reversible conversion into electrical energy. Battery technology is an
old and mature technology and is available in various ranges of energy capacity, cost, life
cycle, and material, and is overtaking energy storage technology, day after day. Battery
cells can be connected in series and parallel combinations to obtain the required voltage
and current rating of the battery bank.

Lead-Acid batteryThis battery is one of the most traditional and widely utilized types of
battery and a well-established, mature, and secondary storage battery. The anode of the
cell consists of lead peroxide (PbO2) and the cathode consists of sponge pure lead (Pb),
and as an electrolyte it uses dilute sulphuric acid (H2SO4). The reactions occurring during
the discharge of the battery can be summarized in terms of oxidation reactions at the anode
and cathode as:

Oxidation: Pb! Pb2+ +2e�

Reduction: Pb4+ +2e� ! Pb2+

Both oxidation and reduction reaction gives rise to lead sulphuric acid (PbSO4) as their
by-product. The overall red-ox reaction can be given as:

Pb + PbO 2 +2H 2SO 4 *) 2PbSO 4 +2H 2O

Lithium-ion BatteryThis is a rechargeable battery. The anode is made up of graphite
and the cathode is made up of lithium metal oxide (LiMO2). An electrolyte made up
of lithium salt contains a separator made up of Polyethylene (PE), Polypropylene (PP).
During charging the reaction at two electrodes can be given as:

At cathode: LiMO2 ! Li+ + MO 2 + e�

At anode: C6 + Li+ + e� ! LiC6

Overall Redox Reaction: LiMO2 + C 6 ! MO 2 + LiC6
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At the cathode, lithium metal oxide produces lithium ions and a free electron. The liber-
ated ion passes through a porous membrane inside an electrolyte, reaches the anode, and
combines with graphite to form lithiated carbon (LiC6).

During discharging lithium ion and a free electron is released from lithiated carbon. Free
electron flows through an external path and lithium-ion follows an electrolytic membrane
path to reach the cathode. At the cathode, metal oxide combines with lithium ion and free
electron to form a lithium metal oxide.

At cathode: Li+ + MO 2 + e� ! LiMO 2

At anode: LiC6 ! C 6 + Li+ + e�

Overall Redox Reaction: MO2 + LiC6 ! LiMO 2 + C 6

Lithium-ion battery cell voltage varies from 3.8 – 4.2 volts. There are several lithium-
ion batteries based on lithium metal oxide used. Some examples are Lithium manganese
oxide (LiMn2O2), Lithium nickel manganese cobaltoxide (LiNiMnCoO2), Lithium iron
phosphate (LiFePO4), and Lithium Titanite (Li4Ti5O12).

Nickel BatteriesThese batteries are old battery technologies. In nickel-based batteries,
anodes are made of nickel oxyhydroxide, cathode by any one metal (Cd/MH/Fe/Zn or
H2), and potassium hydroxide as an electrolyte. Among several nickel batteries, Ni-Cd
and Ni-MH are commercially available. Ni-Cd is the most successful. The red-ox reaction
can be given as:

At cathode: Cd+2OH � ! Cd(OH) 2 +2e�

At anode: NiOOH + H 2O + e� ! OH � + Ni(OH)2

Overall Reaction: Cd+2NiOOH +2H 2O ! Cd(OH) 2 +2Ni(OH)2
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2.4 Unified Power Quality Control (UPQC)

The Unified Power Quality Conditioner (UPQC) is considered to be the most advanced
power quality improvement device, incorporating advantages of both a Series Active
Power Filter (APF) and Shunt Active Power Filter (APF) into a single combined unit.

Figure 2.2:UPQC Circuit Structure

Power quality problems such as voltage sags, swells, harmonics and transients may seri-
ously affect the performance of sensitive equipment, especially in commercial and indus-
trial settings. Various specialized power gadgets have been developed to mitigate these
disturbances. The UPQC stands out as a unique power quality conditioner combining both
series and shunt compensation, thus becoming useful in integrated power quality mainte-
nance. The UPQC integrates into itself the traditional devices, the DSTATCOM and the
DVR. It therefore provides a holistic solution for these power quality issues by integrating
both a series and a shunt inverter into a single device for enhancing the voltage profile and
the current profile and thereby improving the overall reliability of power. From single-
function devices, power quality conditioners have entered a multi-functional domain. The
initial solutions, such as static var compensators (SVCs) and dynamic voltage restorers
(DVRs), addressed a number of important power quality issues such as voltage sags and
reactive power compensation. However, these devices were limited in their operating
range of multiple disturbances at the same time. Therefore, a more holistic solution was
sought in the UPQC platform, UPQC was introduced for the very first time in literature
with a concept of bridging two power electronics devices to tackle both voltage and cur-
rent quality issues together. As in [19], the UPQC can be defined as a series inverter for
voltage waveform restoration at the PCC and a shunt inverter for current harmonic and
reactive power compensation from the load side.
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In recent literature, the control strategies for UPQC have been a major focus of research.
Traditional methods of control, which involve PI controllers, have come under scrutiny in
modern control scenarios. An example of this is given in [20], which proposes an MPC
control strategy for UPQC to improve performance concerning series and shunt invert-
ers. The MPC control strategy provides better dynamic performance in mitigating voltage
sags and harmonics. Likewise, intelligent control techniques, like fuzzy logic controllers
and ANNs, have been investigated for the UPQC systems. For developing an ANN-based
UPQC control strategy for improving voltage regulation and harmonic mitigation, refer-
ence [14] and [15] utilized testing in this system under various load conditions, establish-
ing improved performance compared to conventional methods.

UPQC is applicable in numerous domains. It is popularly used in industrial and commer-
cial applications to increase the quality of power supplied for their efficient operation;
sensitive equipment, such as microprocessors, data centers, and industrial machinery, are
involved. It is also utilized in all renewable energy systems to compensate for intermit-
tency and variability of the renewable power generated. Integration of Electric Vehicles
in the Power Grid has been another application area wherein UPQC systems are emerging
as frontline solutions to address issues arising due to charging stations and power quality
disturbances.

2.5 Machine Learning

Machine Learning is a part of Artificial Intelligence that enhances system performance
through learning derived from data. It is founded on statistical principles and algorithms
analogous to the processes humans use to learn. The result is a system or machine that is
able to increase performance and accuracy over time. Some of the main areas in which Ma-
chine Learning is used are Natural Language Processing (NLP), speech recognition, and
classification. In regard to Machine Learning, training an algorithm is the act of teaching
the algorithm to recognize patterns, provide decisions or predictions without being ex-
plicitly programmed to do so. Algorithms for machine learning will learn from massive
amounts of data, uncovering the underlying patterns and relationships among the data in
each data set. Once the algorithms learn these patterns, systems can adapt and enhance
their accuracy over time, depending on the effectiveness of the training. This adaptive
learning process is especially relevant in e.g. interact natural language conversations with
humans, recognize speech patterns, differentiate speakers, or categorize data.Machine
Learning is versatile and has broad applications in many industries such as healthcare and
finance. Machine Learning, because of research and innovation, is constantly evolving
and futuristically proficient, advancing artificial intelligence with practical applications in
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many scalar situations and settings. Machine learning approaches can be categorized into
three main types:

(i)Supervised Learning
Supervised learning consists of a training dataset where each instance is defined as a
vector of input variables and respective desired outputs, presented as a matrix. One
of the goals is to maximize a given function; typically, a loss or cost function, which
generates model parameters that maximize or minimize the function. In so doing,
the model learns to predict outputs accurately for new inputs by deriving patterns
and relationships within the training dataset. Consequently, supervised learning is
considered foundational to fields like image identification and predictive analytics.
Commonly utilized algorithms include support vector machines, linear regression,
K-nearest neighbour, neural networks, naive Bayes, and random forest.

(ii)Unsupervised Learning
Unsupervised learning is based on a collection of unlabeled data and identifies
shared or common features to classify into meaningful (or meaningful) groups or
partitions. The model then acts on the collection of data sets based upon whether or
not those features are present. Commonly used algorithms include Hopfield learn-
ing, maximum likelihood, Hierarchical clustering and partial least square..

(iii)Reinforcement Learning
Reinforcement learning is an interactive method involving a Markov process that is
used to optimize actions and fulfill objectives. Feedback or rewards would often be
utilized to optimize actions based on the current state or the current state and action.
Some commonly used approaches include Monte Carlo, temporal differences, and
SARSA.

2.5.1 Artificial Neural Network, Multi Layer Perceptron

Artificial Neural Networks (ANNs) are increasingly relevant in addressing a wide variety
of complex problems within numerous disciplines including, but not limited to, pattern
recognition, classification, regression, and forecasting. In MATLAB, NFTool or Neural
Network Fitting Tool is one of several tools introduced that provides a GUI (Graphical
User Interface) to construct and train ANNs for data fitting problems modeled with a
multilayer perceptron (MLP). This review paper contains information in MLP using the
NFTool regarding structure, training approach, and practical examples.
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The Multi Layer Perceptron (MLP) is a type of artificial neural network, which is recog-
nized for its feedforward architecture that involves multiple layers that include, an input
layer, one or often more hidden layer(s), and an output layer, all layers are fully intercon-
nected,Here input vectorx and evaluates the weighted sum

P n
i=1 x i wi + b where b is is

bias term in addition to the perceptron similar to weighted inputs, allows for added flexi-
bility in modeling complex patterns in the input data but is usually omitted in the network
architecture. The activation function calculates the output based on the weighted sum of
the inputs.

Some of the commonly used activation function are:

1. Sigmoid function
The sigmoid activation function transforms real-numbered inputs into a range be-
tween 0 and 1. The sigmoid is defined as:

f (x) =
1

1+ e� x (2.6)

The Figure2.3shows the sigmoid function.

Figure 2.3:Sigmoid activation function

2. Hyperbolic tangent function
The hyperbolic tangent function is very similar to the sigmoid activation function,
has the same S-shape, and in this case, the output ranges from -1 to 1. For tanh,
as the input increases (becomes more positive), the output goes towards 1.0, and
as it decreases (becomes more negative), the output goes towards -1.0. The tanh is
defined as:

f (x) =
ex + e� x

ex � e� x (2.7)

The Figure2.4shows the tanh function.
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Figure 2.4:tanh activation function

3. ReLU function
ReLU, which stands for rectified linear unit, simply converts the input to either zero
or itself. ReLU operates by producing an output of zero for any zero or negative
input or by producing the same input when the input is a positive value. ReLU is
mathematically expressed as:

f (x) = max(0;x) (2.8)

Figure 2.5:ReLU activation function

4. Leaky ReLU
Leaky ReLU is a type of activation function for artificial neural networks. While it
is a variation of the traditional ReLU activation function, it was specifically made
to address “dying ReLU” the issue of neurons that can be inactive during training
due to repeated negative outputs. In simple terms, Leaky ReLU allows for a non-
zero small gradient for the activation function when the input is less than zero, as
opposed to ReLU which would just return zero. The mathematical definition of
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Leaky ReLU is:

f (x) =

8
><

>:

x; ifx � 1

ax; ifx < 1
(2.9)

5. SoftMax
SoftMax is simply a function that converts input of k real values into an output of
k real values that sum to 1 which can be perceived as probabilities. If one of the
inputs is a small or negative number, the softmax will turn that variable into a small
probability, and if that input is a big number, the softmax will turn that variable into
a big probability. The softmax can be defined as:

� (x i ) =
ex i

P k
j =1 ezk

(2.10)

The softmax is used as an activation for output layer of multi class classification
networks.

Each layer in an MLP is composed of several perceptrons. Connecting these layers in
sequence forms the MLP architecture. The width of a layer is determined by the number
of perceptrons in a layer, while the network’s depth is defined by the total number of
these interconnected layers. The output layer, located at the final stage of the network, is
responsible for producing the desired output.

For MLP, if each layer transform the input via functionf 1,f 2,f 3,f 4, respectively from in-
put to output layer. Then for an input vectorx, the output vector will bef 4(f 3(f 2(f 1(x)))) .

MLP Learning involves the iterative adjustment of connection weights between neurons,
a process critical for the network to learn patterns and relationships from data. The ANN
model is generated using the Neural Fitting Tool (nftool) of the MATLAB using Levenberg-
Marquardt backpropagation(LMBP) for training and hence gives great convergence and
accuracy because it uses the approximation of the Hessian matrix instead of simple gradi-
ent descent.

By minimizing MSE, such an ANN-based controller brings in power quality, adaptability,
and robustness in UPQC applications. Unlike traditional controllers, ANNs learn nonlin-
ear system behavior and offer self-learning capabilities and substantially improved sta-
bility under disturbances with greater speed of the dynamic response and very efficient
real-time implementation for superior power compensation.
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CHAPTER THREE: METHODOLOGY

This chapter describes the workflow of the research starting from the PV -ESS system
modeling, integrating them with grid for power efficiency and stability and apply ANN
tuned UPQC to improve power quality issues, voltage sag/swell and to compensate reac-
tive power.

3.1 Approach

The UPQC-ANN Tuned, PV-ESS system methodology integrates the Unified Power Qual-
ity Conditioner with the Artificial Neural Networks for the action of enhancing and

Figure 3.1:Methodology Approach
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managing power quality using a PV-ESS-enabled setup. The overall methodology that
has been utilized in this dissertation is shown in figure3.1. The UPQC is for mitigating
voltage disturbances arising from sags and swells by compensating voltage disturbances
occurring on both the source and load sides.The ANN optimizes the control strategy of
the UPQC to the current load, irradiation from solar, and grid status. The PV-ESS system
assures that renewable energies are produced while also ensuring the storage of the excess
power for stable and sufficient supply for all the units. Performance and stability of the
system are also improved through efficient active/reactive power management, integrated
renewable energy resource with protection of high power quality under dynamic grid and
supply conditions..

Figure3.2illustrates a DG System RE-Based With UPQC in which solar PV with en-
ergy storage system and utility power is supplied. Three-phase source/substation supplies
power through feeder line that have three-phase breaker and stepped down to 11/0.4 kV.
PV system with MPPT and DC/AC converter supplies power to the system, supported by
an EES (Battery) and EES Controller for the management of energy storage. There exists
a linear, nonlinear and DC load present in the system and a fault block indicates possible
disruptions in the system.

Figure 3.2:Overall Proposed System

Overall system modeling in MATLAB is shown in Figure3.3below.
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Figure 3.3:Overall System MATLAB Model

3.2 PV Modelling

The overall PV system, including MPPT and a boost converter, feeds into an AC/DC
bidirectional converter, as shown in figure3.13. This same converter is also shared by the
battery system via the DC bus. The PV system uses a Fuzzy Logic Controller (FLC) as

Figure 3.4:MPPT and Boost Converter for Maximum PV Power

shown in MATLAB model in figure 3.5to accomplish Maximum Power Point Tracking
(MPPT), which optimizes power extraction by dynamically regulating the duty cycle of
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the boost converter.The FLC-based MPPT provides better flexibility and decision-making,
allowing for more effective tracking in dynamic situations than conventional MPPT meth-
ods like Perturb and Observe (P & O) and Incremental Conductance, which have trouble
with abrupt changes in irradiance and partial shading[15].

Figure 3.5:FUZZY MPPT MATLAB model of PV

Fuzzy Logic Controller for MPPT

FuzzificationFuzzification converts crisp inputs (PV voltage and current) into fuzzy val-
ues using membership functions.

Inputs:

• Vpv (PV Voltage)

• I pv (PV Current)

Membership Functions:

• Voltage (V) → LV- Low Voltage, MV- Medium Voltage, HV- High Voltage

• Current (I ) → LI- Low Current, MI- Medium Current, HI- High Current

Inference (Rule-Based Decision Making)Fuzzy rules are applied based on the power
slope condition:

EV (q) =
PV (q) � PV (q� 1)
I V (q) � I V (q� 1)

(3.1)
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Decision Rules:

• IfEV (q) > 0, then increase duty cycle.

• IfEV (q) < 0, then decrease duty cycle.

• IfEV (q) � 0, then Maximum Power Point (MPP) is reached.

The change in error is given by:

dEV(q) = EV (q) � EV (q� 1) (3.2)

This determines whether the power is increasing or decreasing.Fuzzy Rules

Figure 3.6:Block diagram of FLC-based MPPT employed to control duty cycle
of boost converter in PV system

• IfVpv is LV and I pv is LI, then Duty Cycle is HD (High Duty Cycle).

• IfVpv is MV and I pv is MI, then Duty Cycle is MD (Medium Duty Cycle).

• IfVpv is HV and I pv is HI, then Duty Cycle is LD (Low Duty Cycle).

Defuzzification Defuzzification converts the fuzzy duty cycle into a crisp value using the
centroid method:

D =
P

(� i � di )
P

� i
(3.3)

Where:
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• � i = Membership degree

• di = Corresponding duty cycle

Boost Converter ControlThe duty cycleD is used to control the boost converter:

Vout=
Vin

1� D
(3.4)

The fuzzy MPPT dynamically adjustsD to maintain maximum power output.

Table 3.1:Fuzzy Control Rules for MPPT V & I as Input

V \ I Low Current Medium Current High Current

Low Voltage High Duty Medium Duty Medium Duty

Medium Voltage High Duty Medium Duty Medium Duty

High Voltage Medium Duty Low Duty Low Duty

3.3 ESS Modeling

The power management approach identifies how much power may be transferred to the
battery, or the PV system, or the grid in hopes of achieving an optimal power flow. In
the proposed model, battery(ESS) is DC coupled with the PV system and overall system
with buck/boost converter feeding with the same AC/DC converter is shown in figure
3.7. ESS is charged whenever there is power surplus, and discharging occurs whenever

Figure 3.7:Battery controller and Buck/Boost Converter for ESS
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there is a power deficit at the point of common coupling (PCC). The difference between
active power at the PCC and reference load power is computed and improved through
the element controlled by the fuzzy logic controller (FLC) to improve the active power
values. Appropriate power should be provided to meet load demands to maintain a reliable
and efficient grid system. The ESS plays a significant role in providing the extra power
demand or storing the surplus energy. Solar energy is dependent on weather, and the
ESS can act as a backup supply for providing power at any time. MATLAB model of
FUZZY Logic Controller is shown in figure3.8. It gets its regulation of charging and

Figure 3.8:MATLAB model of FLC controller of ESS

discharging via a Fuzzy Logic Controller (FLC) that is set to optimize the power flow
while maintaining the system stable. The SOC represents the available battery capacity
and is given by:

SOC(t) = SOC(0)+
1

Crated

Z t

0
I batt(t) dt (3.5)

For discrete-time simulation, SOC is updated as:

SOC(k +1) = SOC(k)+
I batt(k) � � t

Crated
(3.6)

Where:

• SOC(t) = State of Charge at timet (%).

• SOC(0) = Initial SOC.

• Crated= Rated battery capacity (30Ah).

24



• I batt(t) = Battery charging/discharging current (A).

• � t = Time step for simulation.

SOC Behavior:

• Charging: IfI batt> 0, SOC increases.

• Discharging: IfI batt< 0, SOC decreases.

SOC is constrained between 0% and 100%:

0 � SOC(t) � 100% (3.7)

The battery terminal voltage is given by:

Vbatt= Voc � I battRint (3.8)

Where:

• Vbatt= Battery terminal voltage (V).

• Voc = Open-circuit voltage (V).

• I batt= Battery current (A).

• Rint= Internal resistance (0.14667Ω).

The open-circuit voltageVoc is a function of SOC:

Voc = a� SOC3 + b� SOC2 + c� SOC+ d (3.9)

Where:

• a;b;c;dare coefficients determined from the battery characteristics.

The power supplied or absorbed by the battery is given by:

Pbatt= Vbatt� I batt (3.10)

Including charging/discharging efficiency:
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• Charging:
Pbatt= � ch � Vbatt� I batt (3.11)

• Discharging:

Pbatt=
Vbatt� I batt

� dis
(3.12)

Where:

• � ch = Charging efficiency.

• � dis= Discharging efficiency.

The FLC approach is developed to manage battery charging and discharging depending
on the power imbalance (Error) in the grid, defined as the difference between generation
and load demand.

Figure 3.9:Fuzzy Logic Controlled ESS connected with grid for support

• Deficit Power (Error ≤ 0): Signifies that the grid is short on power (generation is
less than demand). In this condition, the system defaults to battery discharging (BD
= High, BC = Low)

• Excess Power (Error > 0): Signifies the grid has excessive power as generation
exceeds demand. In this case the system switches to enable battery charging (BC =
High, BD = Low).

The crisp duty cycleD is computed using the centroid method:
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Table 3.2:Fuzzy Control Rules for Error, BC, and BD

Rule No. Error (Input1) BC (Output1) BD (Output2)

1 Low Error (� 0) High (1) Low (0)

2 High Error (> 0) Low (0) High (1)

D =
P

� D (x) � x
P

� D (x)
(3.13)

Where:

• x represents the discrete values ofD.

• � D (x) is the aggregated membership function ofD.

This determines the final duty cycle for the bidirectional converter.

3.4 UPQC-ANN Tuned, PV-ESS TOPOLOGY

Below Structure figure3.10symbolizes the architecture of a UPQC-ANN, PV-ESS sys-
tem planned to boost the power quality in an integrated green energy setup. This System

Figure 3.10:UPQC-ANN, PV-ESS Topology
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utilizes the dual compentation approach as it consists of a Shunt NPC converter utiliz-
ing its power architecture to compensate for current, connected through a Shunt Coupling
Transformer to regulate reactive power and neutralize harmonics and the series-connected
NPC converter through a series coupling transformer provides for voltage compensation
through appropriate voltage injection. The two converters are linked by a DC Link which
maintains power balance. The ANN-based control keeps optimizing UPQC performance
by instantaneously modifying its operation in instances of disturbances. The system con-
tains two Points of Common Coupling (PCC1 and PCC2) where PCC1 connecting the
main supply of the electrical grid and PCC2 feeds linear and nonlinear loads, an ESS-PV
providing integrated renewable energy by means of a converter, besides assisting voltage
stability and power factor enhancement. Shunt and series connection to form the UPQC
utilizing NPC converter is shown in figure3.11.

Figure 3.11:MATLAB Model of UPQC with NPC converter

A NPC converter serves in the UPQC system for series and shunt compensation. The
NPC topology has a common DC link and, since the voltage across each switching device
is half of the DC-link voltage, this reduces voltage stress and increases reliability. The
three-level converter can withstand larger voltage levels and has lower switching losses
than traditional two-level converters. The three level NPC converter topology is shown in
figure3.12through MATLAB blocks.
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Figure 3.12:Three Level NPC converter circuit

The ANN model is generated using the Neural Fitting Tool (nftool) of the MATLAB using
Levenberg-Marquardt backpropagation(LMBP) for training and hence gives great con-
vergence and accuracy because it uses the approximation of the Hessian matrix instead of
simple gradient descent.

By minimizing MSE, such an ANN-based controller brings in power quality, adaptability,
and robustness in UPQC applications. Unlike traditional controllers, ANNs learn nonlin-
ear system behavior and offer self-learning capabilities and substantially improved sta-
bility under disturbances with greater speed of the dynamic response and very efficient
real-time implementation for superior power compensation.

Error Minimization:)The Mean Squared Error (MSE) is given by:

MSE =
1
N

NX

k=1
(Tk � Ok)2 (3.14)

where:

• Tk is the target output
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Figure 3.13:Basic ANN Structure.

• Ok is the ANN output

• N is the number of training samples

Weight Update Rule The weight update using gradient descent is:

Wij (t +1) = Wij (t) � �
@MSE
@Wij

(3.15)

where:

• Wij (t +1) is the updated weight
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• @MSE
@Wij

is the gradient of the error function

• � is the learning rate

3.4.1 NPC Shunt Inverter Control

The load currentsiLa ; iLb; iLc are transformed into thedq0frame using Park’s transforma-
tion: 2
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(3.16)

The low-pass filter (LPF) removes oscillating components inid and iq. The compensating
current reference is generated:

idsh = id � idref ; iqsh = iq � iqref (3.17)

The reference current is then computed and converted back to theabcframe using inverse
Park transformation:
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(3.18)

The Voltage Source Inverter (VSI) injects the compensatory current using switching pulses
produced by the hysteresis current controller. The shunt inverter regulates DC-link voltage

Figure 3.14:MATLAB model of NPC shunt controller

and compensates for reactive power and current harmonics using an ANN-based control
strategy. Similarly, the voltageva;vb;vc are transformed into thedq0 frame using Park’s
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transformation for the phase synchronization. MATLAB model of Shunt NPC converter
is shown in figure3.11.

Figure 3.15:MATLAB model of current controller of shunt controller

Figure 3.16:MATLAB model of voltage controller of shunt controller

Inputs to ANN:

• DC-link voltage error:
evdc(t) = Vdc;ref � Vdc (3.19)
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• Change in DC-link voltage error:

� evdc(t) = evdc(t) � evdc(t � 1) (3.20)

• Load current components in dq-frame:

iLd ; iLq (3.21)

ANN Output:

• Reference currents for the shunt inverter:

i �
shd; i �shq = f ANN (evdc; � evdc; iLd ; iLq ) (3.22)

These reference currents are converted to the abc-frame and controlled using hysteresis
current control to generate switching pulses for the inverter. The shunt controller injects
current to compensate for power disturbances:

I inj = I ref � I sensed (3.23)

where:

• I inj is the injected current

• I ref is the reference current from ANN

• I sensed is the measured system current

3.4.2 NPC Series Inverter Control

The reference voltage is extracted using the SRF theory: Convert supply voltageVs todq0

frame: 2
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(3.24)

The oscillating components inVd andVq are removed using an LPF. The reference voltage
is calculated:

Vds = Vd � Vdref ; Vqs = Vq � Vqref (3.25)
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The compensatory voltage is computed and returned to the ABC frame after filtering.
Similarly,it converts the source currentisa; isb; isc are transformed into thedq0 which is
used for the power computation and system synchronization. The gate pulses for the series
inverter are produced using a Sinusoidal Pulse Width Modulation (SPWM) approach. The
series inverter compensates for voltage sags/swells by injecting appropriate voltage using
an ANN-based controller.

Figure 3.17:MATLAB model of NPC series controller

Inputs to ANN:

• Voltage error:
evs(t) = Vs;ref � Vs (3.26)

• Change in voltage error:

� evs(t) = evs(t) � evs(t � 1) (3.27)

• Supply voltage dq-components:
vsd;vsq (3.28)
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Figure 3.18:MATLAB model of voltage controller of series controller

ANN Output:

• Reference voltage signals for the series inverter:

v�
sd;v�

sq = f ANN (evs; � evs;vsd;vsq) (3.29)

These reference voltages are converted to the abc-frame and used for PWM-based voltage
injection . The series controller injects voltage to maintain system stability:

Vinj = Vref � Vsensed (3.30)

where:

• Vinj is the injected voltage

• Vref is the reference voltage from ANN

• Vsensed is the measured system voltage
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3.5 Real Test system

The real system setup is taken from Cesar Apartment, located in Lalitpur, Nepal, which
receive its power supply from the Teku Feeder of 11 kV distribution network. The real
workiing conditions have harmonic disturbances from the equivalent non linear loads and
inverter based generation. Cesa Apartment, lalitpur is connected to three-phase grid with
a 250kVA transformer of 11/0.4 kV L-L with PV-ESS, through a phase inverter. The AC
L-L voltage is 400 V at load side, and the frequency is kept constant at 50 Hz. In the
study,In Cesar Apartment PV system consists of N-type i-TOPCon Bifacial dual glass
monocrystalline modules connected with 16 series-connected modules per string and 8
mppt parallel strings for efficient power. The solar photovoltaic system of approximately

Figure 3.19:Real test system PV I-V and P-V characteristics

54.4 kW uses an open circuit voltage (Voc) equal to 50.9 V, a short circuit current (Isc)
10.56 A, a MPP voltage (Vmp) is 42.9 V and MPP current (Imp) is 9.93 A under STC
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conditions. The graph for all of this input data is shown in figure3.19. The energy stor-
age system which is AC-Coupled with the grid and PV, comprises of LiFePO� batteries
having a total nominal capacity of 210.6 kWh, made up of 36 modules, rated at 48 V, in
9-series and 4-parallel (9S4P) configuration to satisfy the system’s voltage and capacity
specifications. The system’s nominal voltage is 432 V; the rated capacity is 462.96 Ah.
Every battery is rated 200 kWh (0.5C rate of discharge) and energy calculations typically
include round-trip efficiency, its battery discharge characteristic is shown in figure3.20.
The system is paired with an AI-driven Energy Management System (EMS) by Swanbar-
ton, that adaptively adjusts charge-discharge cycles, dispatches energy, and reduces losses
using predictive and real-time controls. Our system also utilizes a Fuzzy Logic Controller
(FLC) to provide a more adaptive and more efficient energy management system. This

Figure 3.20:Real test system battery discharge characteristics

real system now utilizes the FUZZY as MPPT to exract PV and FLC controller in ESS
and whole system utilizes the proposed UPQC model to mitigate power quality issues.
MATLAB model of real system is shown is figure3.21.
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Figure 3.21:MATLAB Model of Real System

3.6 Tools and Software

This section lists the tools and software used in this dissertation.

3.6.1 Microsoft Office

Microsoft Office comprises a suite of software applications created by Microsoft, includ-
ing a word processing program (Word), a spreadsheet application (Excel), and a presen-
tation software (PowerPoint), among other tools. In this dissertation, Word is utilized for
initial report drafting, while Excel is employed for storing the extracted features.

3.6.2 Matlab

Matlab is a software platform for programming, and numerical computing, created by
MathWorks. In this research, Matlab simulink is used to create model and all data are
extract from simulation results. Nftool is used for train and test the data for ANN.

3.6.3 Overleaf

Overleaf is an innovative online platform and LaTeX editor designed specifically for aca-
demics, researchers, and professionals involved in scientific writing and publishing. Over-
leaf provides a collaborative environment where users can create, edit, and manage LaTeX
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documents seamlessly, without the need for local LaTeX installations or complex setup.
It offers LaTeX templates from various reputable journals. In this dissertation, overleaf is
used for preparing the reports.
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CHAPTER FOUR: RESULTS AND DISCUSSION

This chapter presents the results obtained using the methodology described in Chapter 3.

4.1 Proposed Model

In this section, we describe the simulation results and analysis of a PV-ESS system pro-
posed with FUZZY MPPT to extract solar energy & FLC in ESS for power management,
ANN Tuned UPQC and NPC as series and shunt converter. The performance of the sys-
tem was tested under different fault conditions, including steady-state operation, dynamic
disturbances, and power quality analysis. Some overview of data and concept of project
are shown table below.

Table 4.1:System Components and Specifications

Category Component Specifications/Details

Power Source & Grid

Three-phase YG Source 11kV (L-L), 50 Hz

Transmission Line Distributed parameter, 100 km

Step-down Transformer 11kV ! 0.4kV (L-L)

Swing Bus 100 kW power

Renewable Energy & Storage

PV System 60 kW, 1kW/m 2, 25°C, Fuzzy MPPT

Battery Storage 30Ah, Charge/Discharge Control

ESS Fuzzy-based controller, Manages power flow

Power Electronics
Buck-Boost Converter MOSFETs, IGBTs, Fuzzy Logic Control

NPC Converter PI/ANN Controller

Loads

Linear Grid Load 30 kW Resistive

Nonlinear Load 100 kW (Diode Bridge + RLC)

Power Quality & Control

UPQC Voltage Regulation & Harmonic Mitigation

Shunt Inverter (NPC) Current Compensation

Series Inverter (NPC) Voltage Sag/Swells Compensation

Control Strategies
MPPT Fuzzy Logic

PI/ANN Controller NPC Converter

4.1.1 Solar PV MPPT

PV system consists of First Solar FS-272 modules connected with 26 series-connected
modules per string and 33 parallel strings for efficient power. Each module comprises 116
cells and has Open-Circuit Voltage(Voc) equal to 94.57 V, Short-Circuit Current(Isc) 1.18
A, MPP Voltage(Vmp) 70.56 V, and MPPt Current(Imp) 1.01 A under STC conditions.
The performance of the photovoltaic (PV) system was analyzed in two scenarios: the
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first in an optimal condition without MPPT and the second using MPPT control based on
FUZZY logic. Figures4.1show the I-V and P-V characteristics of the PV array at 25°C
for different levels of irradiance: 1 kW/m², 0.75 kW/m², 0.5 kW/m², and 0.25 kW/m².
With decreasing irradiance, one expects a drop in the amount of energy that the PV array
could generate; conversely, higher irradiance allows for more power and current to be
output. Each irradiance level shows a maximum power point (MPP) within the power-
voltage characteristics, which explains the need for good tracking algorithms for MPPT
that provide for good extraction of power. From the graph, Figure4.1. , the Maximum

Figure 4.1:I-V and P-V Characteristics of array at 25 deg.c

Power Point (MPP) occurs at 1 kW/m² of irradiation, with a voltage of approx. 1750-
1850 V and current somewhere 30-35 A. Thus,maximum power output of 60KW can
achieved at ideal case. As irradiance declines, parameters such as current and power drop
proportionately, affecting energy generation overall.

AFter using FUZZY as MPPT, the simulation results indicate that, the PV system has
reached a stable maximum output of approx 57.5 kW with a corresponding voltage of ap-
prox. 1800 v and a current of approx. 32 A with efficiency of nearly 96%.The fuzzy MPPT
realizes definitely smooth-and-fast tracking, having its stability under variable-irradiance
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conditions assisted by the extra prowess in handling nonlinear and uncertainty conditions
that real-world applications with constantly changing irradiance levels impose upon it.
Fast and smooth tracking response with negligible oscillations is a considerable advantage
of fuzzy MPPT for actual PV applications. Therefore, this approach is extremely reliable,
adaptive, and efficient for enhanced performance. Such an MPPT implementation func-
tionally becomes the preferred choice to improve PV systems over older techniques. The
system is fast and smooth in tracking with minimum oscillations as shown in figure4.2.

Figure 4.2:Power,Voltage, Current Plot After FUZZY MPPT

4.1.2 Energy Storage System

A key aspect of the system would involve the use of Fuzzy Logic Control for the ESS with
real-time dynamic adjustment of power flows, as shown in Figure4.5. Further, based on
the fuzzy-based control approach, the fluctuations in current flow are maintained within
limits to achieve uninterrupted power feeding into the system. This prevents abrupt ex-
traction of the stored energy and helps with energy sharing among the photovoltaic system
and the battery, and load. This resulted in the system’s more stable performance, power
quality, and efficiency, rendering it very effective in real-time applications for both grid-
connected and islanded mode.

The SOC was in slow decline4.4, which indicates that controlled discharge would take
place, which also stabilizes the current over a time allowing smooth power transfer. With
proper Fuzzy Logic control in EES, better performance will be achieved on the grounds
that power flow adjustment would be dynamic against real-time operating conditions.
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Figure 4.3:Ideal Characteristics of Battery

Figure4.5depicts the ESS’s power dynamics, showing its ability to charge (positive val-
ues) and discharge (negative values) over a time period from 0 to 1 unit. The ESS balances
energy from both the grid and PV system, storing excess energy during high supply and
supplying energy during high demand. Specific intervals highlight fault conditions: from
0.2 to 0.4, the ESS responds to an L-G fault by discharging to stabilize the grid, and from
0.6 to 0.8, it addresses an L-L-L-G fault by discharging at a higher rate to maintain stabil-
ity. These results demonstrate the ESS’s critical role in managing power fluctuations and
enhancing grid resilience during disturbances.
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Figure 4.4:Energy Storage System Voltage, SOC %, Current

Figure 4.5:PV-MPPT Power and Charging/Discharging Power of ESS

Figure4.6, focuses specifically on the charging power of the ESS. The graph shows the
power being transferred to the battery over time, with the ESS power values ranging from
0 to -1500 units. The negative values indicate that power is being absorbed by the ESS
for charging. The plot demonstrates how the ESS charges at varying rates depending on
the available power from the grid and the demand.

44



Figure 4.6:Charging Power Plot of ESS

Figure4.7depicts the discharging power of the ESS. Here, the ESS power values are
positive, indicating that the ESS is supplying power to the grid or load. The graph shows
the power output from the ESS over the same time period, with values ranging initially at
11 kW to stable 8 kW units. This plot highlights the ESS’s role in providing energy when
the grid’s supply is insufficient to meet demand

Figure 4.7:Discharging Power Plot of ESS

4.1.3 Analysis Of Grid Before Using UPQC

In this part, we are going to just Overview of System in different type of Load and Source
Scenario.
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Grid With Source and Resistive Load Only

Figure 4.8:Grid V-I Waveform with Only Resistive load

Figure 4.9:FFT of measured current signal at only Resistive Load
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Grid with Resistive and Non-Linear Load

Figure 4.10:Grid V-I Waveform with Resistive and Non-Linear load

Figure 4.11:FFT of measured Voltage signal at Resistive and Non-Linear Load
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Figure 4.12:FFT of measured Current signal at Resistive and Non-Linear Load

Grid with PV-ESS,Fault, Resistive and Non-Linear Load

Before inserting the UPQC, such waveforms of grid voltage and current are immensely
distorted, coming from nonlinear loads, PV-ESS integration, and fault conditions. The
overall system waveform4.13shows irrefutable irregular voltage and current variations,
indicating poor power quality. When introducing the PV-ESS, faults, and nonlinear loads
4.14, the distortion encountered has incremented, with greater harmonic content, voltage
sags, and swells intensity. Evidence of voltage unbalance, radial current, and consequent
possible overload in some phases is observed under an L-G fault4.15. The most severe
loss occurs in the three-phase fault case (L-L-L-G)4.16, where huge voltage drops and
highly disproportionate current waveforms attack the system to the point of almost total
collapse. This makes a number of calls to implement a compensation mechanism like
UPQC, with its features of harmonics cancellation, good voltage regulation, and overall
stability improvement of the system.
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Figure 4.13:Grid V-I Waveform of Overall system without UPQC

Figure 4.14:Grid V-I Waveform with PV-ESS, Fault and Non-Linear load but
without UPQC

All these Figures (without UPQC), severe voltage and current distortion are observed, es-
pecially in current waveform. During an L-G fault at (0.2s-0.4s), the voltage experiences
uneven peaks and a faulted phase (signal 1) drops to nearly zero and voltage swell oc-
curs in remaing phase, while the current surges from approx. 250A to 2000A, marking
8 times/800% increase. Similarly, during L-L-L-G fault at (0.6s-0.8s) , the voltage col-
lapses to nearly zero and the current spikes to approx.. 2200A i.e. 9 times/900% increases,
indicating extreme instability.
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Figure 4.15:Grid V-I Waveform with L-G fault but without UPQC

Figure 4.16:Grid V-I Waveform with L-L-L-G fault but without UPQC

Figure 4.17:FFT of measured Voltage signal with PV-ESS and Non-Linear Load
but without UPQC
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Figure 4.18:FFT of measured Current signal with PV-ESS and Non-Linear Load
but without UPQC

The figures above represent THD of a grid that was obtained from MATLAB simulation
over five cycles from 0.5 s. The THD is measured up to 20th harmonics(i.e 1000Hz).
Under normal operating conditions without faults or PV integration in4.11and 4.12, the
system shows little current distortion, with a THD value of voltage as 11.54% and current
as 17.55%. After integration of the PV system, the voltage and the current in figure4.23
and 4.24THD rise to 13.17% and 21.30%, respectively, due to the fluctuating generating
capacity of renewable resources, and power factor (PF) of 0.86 was observed.

4.1.4 Analysis of Grid After Using UPQC

The ANN-tuned UPQC dramatically restores the voltage and current waveforms under
different operating conditions, so the general system waveform quit in Figure4.19shows
well-regulated voltage profiles and balanced sinusoidal current waveforms; hence reduced
harmonic distortions and improved power stability. In connectivity with PV-ESS, faults,
and some nonlinear loads in Figure4.20, the voltage stays stable while drastically reducing
current distortion; hence, this validates that the UPQC has the capacity to filter power
quality issues. The internal visualized demonstration during the case of L-G fault in Figure
4.21reveals that the voltage was typically dipped during the short time and well after that
quickly stabilized while the current waveform was very close to symmetrical, which again
demonstrates the advantage of the UPQC against fault. The first of its unexamined cases
gives concerning severe conditions of three-line ground case L-L-L-G fault in Figure4.22,
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where the UPQC can entirely keep the voltage dips within reasonable limits and let no
high fault currents through, which gives back to the nature of such a fault quite fast while
keeping stability in this system. Therefore, PI-controlled UPQC demonstrates similar
improvement in each test case so that both controllers are capable of improving power
quality. However, the adaptive control-oriented dynamic features are assumed to be more
appropriately fulfilled by the ANN-tuned UPQC.

Figure 4.19:Grid V-I Waveform of Overall system with ANN Tuned UPQC

Figure 4.20:Grid V-I Waveform with PV-ESS, Fault and Non-Linear load and
ANN Tuned UPQC
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Figure 4.21:Grid V-I Waveform with L-G fault but without UPQC

Figure 4.22:Grid V-I Waveform with L-L-L-G fault and ANN Tuned UPQC

Grid with PI control UPQC, PV-ESS, Fault and Non-Linear Load

Implementing UPQC along with a PI controller will act effectively to reduce harmonics, as
the voltage and current THD was brought down to 3.13% and 3.11% respectively, which
is under the IEEE 519 standard and PF improves to 0.95.
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Figure 4.23:FFT of measured Voltage signal with PI control UPQC

Figure 4.24:FFT of measured Current signal with PI Control UPQC

Grid with ANN Tuned UPQC, PV-ESS, Fault and Non-Linear Load

Finally, using an ANN-based controller instead of a PI controller further enhances the
performance of UPQC and THD of voltage and THD of current were reduced to 1.66%
and 2.48%, with stabilization over time and PF is optimized at 0.99.
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Figure 4.25:FFT of measured Voltage signal with ANN Tune UPQC

Figure 4.26:FFT of measured Current signal with ANN Tuned UPQC

A THD table in different cases seen at 0.5s through five cycles and upto 20th harmonics
(1000Hz) are as follows.
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Table 4.2:Grid THD Analysis Under Different Conditions

THD (%)
Without PV-ESS, Non-inear load & UPQC Integrating PV-ESS, Non-linear load but without UPQC

Phase I Phase II Phase III Phase I Phase II Phase III

Voltage 11.54 11.53 11.54 13.17 13.68 13.57

Current 17.55 17.54 17.58 21.30 20.46 22.93

THD (%)
Integrating PV-ESS, Non-linear load & with PI controlled UPQC Integrating PV-ESS, Non-linear load & with ANN Tuned UPQC

Phase I Phase II Phase III Phase I Phase II Phase III

Voltage 3.13 3.25 3.26 1.66 1.81 1.79

Current 3.11 3.21 3.39 2.48 2.66 2.87

From the above results we can conclude that FUZZY MPPT extract maximum power from
PV and Energy storage system consist of FLC controller can optimized the charging and
Discharging power from battery. Also, for power quality issues, we can conclude that
ANN-Tuned UPQC Performs better than that of conventional (PI) one.

4.2 Test with Real Model

In this section, we will check all above result by updating the real system data to our model
as mentioned on methodology portion.

The performance of this system was tested under different condition as per data availabil-
ity. All the test data are mentioned on appendix portion at last.

4.2.1 Solar PV MPPT of Real System

For the real system analysis, the irradiance levels were varied between 1000 W/m² to
250 W/m² in the ramping down or up time of 0.6 to 1.7 seconds to mimic the dynamic
solar conditions. A ramp-down and ramp-up profile was given to both irradiance and
temperature for studying the system behavior in a varying environment. Temperature was
increased from 25°C to 50°C with ramp-up pattern after 2 seconds shown in figure4.27.
This ongoing variation of irradiance and temperature was done to verify the robustness
and flexibility of the system under non-homogeneous solar and thermal conditions. With
the use of the fuzzy logic-based MPPT algorithm in real field simulation, the PV system
achieved a maximum power of 50 kW under peak irradiance conditions (1000 W/m²) and a
lowest output of about 15 kW even under low irradiance conditions (250 W/m²) as shown
in figure4.28. This performance is greatly enhanced compared to the real case without
fuzzy MPPT, where the observed maximum PV power was up to about 46 kW, but the sys-
tem mostly stayed between the range of 30–40 kW within the active solar window (around
11:00 AM to 2:00 PM), and dropped down as low as 5–10 kW during low irradiance.
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Figure 4.27:Variation in Irradiance and Temperature

Figure 4.28:Real System PV o/p while using FUZZY Logic as MPPT

4.2.2 Energy Storage System of Real Test System

The charging in figure4.29and discharging power in figure4.30plots for the FLC-based
ESS controller demonstrate how well the battery, which is AC-coupled to the system (as it
is in reality) was working alongside PV generation. When the PV system was generating,
and supporting the grid, the battery charged through the excess power. When the PV
goes off, or output drops, the battery automatically discharged to support the load. The
two configurations can provide uninterrupted service and reliability by providing the grid
assistance when needed; addressing power swings; and aiding system resilience under
certain conditions.
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Figure 4.29:Charging of Real system Battery

Figure 4.30:Discharging of Real system Battery

4.2.3 Analysis Of Grid After Using UPQC

The capability of the ANN-tuned UPQC for the preservation of stability of the grid during
transient condition is illustrated by examining the V/I waveforms displayed in the figure
4.31. For the PV power variation (which occurs from 0.6 s to 1.7 s), there is a sharp
reduction of the output of the PV array, and the system draws more power from the grid,
which is shown by the increase in the amplitude of the grid current. However, the grid
voltage remains sinusoidal and is stable across all phases, demonstrating the UPQC is
effectively regulating the voltage. In like manner, during the load variation, the UPQC
demonstrates its effectiveness in voltage stability based on the voltage sags and swells
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and the grid current varies proportionally to the load. The adaptability of the UPQC is
indicative of the dual functionality for conditioning both voltage and current, as evident,
provides both power quality and reliability of the system, despite changes in generation
and load.

Figure 4.31:Overall Grid Support after using UPQC

Figure 4.32:Grid Waveform of Real system after using UPQC

As shown in the appendix data below, in the real-world distribution of nepal systems, at
the Cesar Apartment, the Total Harmonic Distortion (THD) levels, particularly for current,
demonstrate considerable variability due to the impacts of the nonlinear loads, inverter-
based DG and sudden changes in loads. Voltage THD is typically within 2% to 4%, and
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current THD varies from 10% to 300% mentioned at the introduction part at these loca-
tions; typical average current THD levels are within 40% to 60%, highlighting how vari-
able and distortion-prone practical systems can be. THD levels are driven by the increased
penetration of inverter based generation systems combined with dynamic load behavior.
Conversely, our proposed ANN-tuned UPQC system effectively mitigates these distor-
tions and achieves significant improvements in overall power quality. We have tested
our real system model with variable PV generation conditions and also by changing the
active resistive load of the system from 20 kW to 100kW, Voltage THD was continu-
ously maintained between 0.48% and 0.52% in figure4.33and current THD remained at
a much lower and stable range of 1.80% to 4.5% in figure4.34and4.35, even with varying
loads and PV generation conditions. The THD at a 20 kW resistive load was measured at
4.40% (due to high influnce of inverter based generation in grid ) and at a 100 kW load
was measured at 1.88%, demonstrating the systems adaptive compensation performance
as the load demand and harmonic profile vary. The measurements taken throughout the
study highlight the effectiveness of the ANN-tuned UPQC provided distortion mitigation
and grid stabilization while in operation under dynamic conditions that generally prove
difficult for a technical system in a real-world situation while simultaneously providing
IEEE -519 compliant THD figures

Figure 4.33:FFT of Voltage signal of Real System with ANN Tuned UPQC
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Figure 4.34:FFT of Current signal of Real System with ANN Tuned UPQC with
100kW Load

Figure 4.35:FFT of Current signal of Real System with ANN Tuned UPQC with
20kW Load

The representation seen in Figure4.36offers a clear indication of the proposed ANN-tuned
UPQC system’s capability to control the flow of active and reactive power. During periods
of decreased PV power due to reduced irradiance value, the grid active power (top graph)
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activates to help with the reduction in generation while maintaining the capacity of contin-
uous power delivery to the load. The grid is also exhibiting reactive power consumption
(bottom graph), especially during transient manifestations and load changes. This demon-
strates the continuous efforts of the UPQC in managing reactive power exchange with the
grid dynamically. Overall, the system maintains excellent power quality while register-
ing a power factor of 0.996 which is practically unity. This is in stark contrast to practical
systems that do not have compensation which, in turn, results in significant degradation of
the power factor, as low as 0.7, from the inverter based generation or changes in resistive
or nonlinear loads. These results demonstrate that the integration of the ANN optimized
UPQC not only allows for harmonic reduction but assisting with compensation improving
the overall power factor while making the system stable and efficient while approaching
ideal conditions through dynamic operation.

Figure 4.36:Grid Active and Reactive Power Support
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CHAPTER FIVE: CONCLUSION

The proposed PV-ESS integrated UPQC system based on fuzzy MPPT, FLC based ESS
controller and ANN-tuned, brings about great improvements in power quality and system
stability under various working situations and fault conditions. The fuzzy MPPT controller
extracts power efficiently from the PV system, converging to the maximum power point
quickly with great stability and efficiency. Simulation results show that an ANN-tuned
UPQC effectively mitigates voltage sag/swells, current surges, and harmonics distortions.
The system experiences high harmonic distortion when operated without UPQC. The PI-
controlled UPQC notably reduces the total harmonic distortion (THD) levels, while the
ANN-based UPQC would achieve even better harmonic attenuation, giving both excellent
performance to keep harmonics well below the IEEE-519 standard.

The ANN-based approach effects power factor correction much more effectively than the
PI controller against the original, achieving very nearly unity power factor operation. Fur-
thermore, the ESS satisfactorily maintains a balanced power transfer with the grid support,
with controlled charge and discharge. In conclusion, the proposed system improves power
quality, reduces harmonic distortion, and strengthens the grid’s resilience towards distur-
bances, providing reliable and efficient solutions for modern power systems. The real
implementation of the suggested system in the Cesar Apartment which was connected to
the Teku 11 kV feeder, displayed better performance than under real operating conditions.
The ANN based UPQC successfully reduced power quality issues including harmonics
and improved the power factor. The Fuzzy Logic based MPPT extracted more power
from the PV system than the typical real-case scenario, and the ESS controlling man-
aged the charged/discharged cycles very effectively. Thus, the results showed that the test
and validation of the research thesis model was successful in a real-world application and
verified that the model is effective in enhancing energy extraction and energy quality in
residential applications.

63



REFERENCES

[1] D. Gielen, F. Boshell, D. Saygin, M. D. Bazilian, N. Wagner, and R. Gorini,
“The role of renewable energy in the global energy transformation,”�(�Q�H�U�J�\

�6�W�U�D�W�H�J�\ �5�H�Y�L�H�Z�V, vol. 24, pp. 38–50, 2019. [Online]. Available:https:
//doi.org/10.1016/j.esr.2019.01.006

[2] R. M. Elavarasan, “The motivation for renewable energy and its comparison
with other energy sources: A review,”�(�X�U�R�S�H�D�Q �-�R�X�U�Q�D�O �R�I �6�X�V�W�D�L�Q�D�E�O�H

�'�H�Y�H�O�R�S�P�H�Q�W �5�H�V�H�D�U�F�K, vol. 3, no. 1, p. em0076, 2019. [Online]. Available:
https://doi.org/10.20897/ejosdr/4005

[3] S. Garg and S. Tyagi, “A comprehensive review on opportunities and challenges
of grid integration of renewable energy resources,” in�������� �6�H�F�R�Q�G �,�Q�W�H�U�Q�D�W�L�R�Q�D�O

�&�R�Q�I�H�U�H�Q�F�H �R�Q �6�P�D�U�W �7�H�F�K�Q�R�O�R�J�L�H�V �I�R�U �3�R�Z�H�U �D�Q�G �5�H�Q�H�Z�D�E�O�H �(�Q�H�U�J�\ ���6�3�(�&�R�Q��,
2024, pp. 1–6.

[4] R. M. Elavarasan, S. Afridhis, R. R. Vijayaraghavan, U. Subramaniam, and M. Nu-
runnabi, “Swot analysis: A framework for comprehensive evaluation of drivers and
barriers for renewable energy development,”�(�Q�H�U�J�\ �5�H�S�R�U�W�V, vol. 6, pp. 1838–1864,
2020.

[5] S. Devassy and B. Singh, “Performance analysis of solar pv array and battery inte-
grated unified power quality conditioner for microgrid systems,”�,�(�(�( �7�U�D�Q�V�D�F�W�L�R�Q�V

�R�Q �,�Q�G�X�V�W�U�L�D�O �(�O�H�F�W�U�R�Q�L�F�V, vol. 68, no. 5, pp. 4027–4035, 2021.

[6] E. J. Coster, J. M. A. Myrzik, B. Kruimer, and W. L. Kling, “Integration issues of
distributed generation in distribution grids,”�3�U�R�F�H�H�G�L�Q�J�V �R�I �W�K�H �,�(�(�(, vol. 99, no. 1,
pp. 28–39, 2011. [Online]. Available:https://doi.org/10.1109/JPROC.2010.2052776

[7] X. Liang, “Emerging power quality challenges due to integration of renewable en-
ergy sources,”�,�(�(�( �7�U�D�Q�V�D�F�W�L�R�Q�V �R�Q �,�Q�G�X�V�W�U�\ �$�S�S�O�L�F�D�W�L�R�Q�V, vol. 53, no. 2, pp. 855–
866, 2017.

[8] G. S. Chawda, A. G. Shaik, M. Shaik, S. Padmanaban, J. B. Holm-Nielsen, O. P.
Mahela, and P. Kaliannan, “Comprehensive review on detection and classification of
power quality disturbances in utility grid with renewable energy penetration,”�,�(�(�(

�$�F�F�H�V�V, vol. 8, pp. 146 807–146 830, 2020.

64



[9] S. A. Mohamed, “Enhancement of power quality for load compensation using three
different facts devices based on optimized technique,”�,�Q�W�H�U�Q�D�W�L�R�Q�D�O �7�U�D�Q�V�D�F�W�L�R�Q�V �R�Q

�(�O�H�F�W�U�L�F�D�O �(�Q�H�U�J�\ �6�\�V�W�H�P�V, vol. 30, no. 3, p. e12196, 2017.

[10] M. A. Mansor, K. Hasan, M. M. Othman, S. Z. B. M. Noor, and I. Musirin, “Con-
struction and performance investigation of three-phase solar pv and battery energy
storage system integrated upqc,”�,�(�(�( �$�F�F�H�V�V, vol. 8, pp. 103 511–103 538, 2020.

[11] A. Amirullah, A. Adiananda, O. Penangsang, and A. Soeprijanto, “Load active
power transfer enhancement using upqc-pv-bes system with fuzzy logic controller,”
�,�Q�W�H�U�Q�D�W�L�R�Q�D�O �-�R�X�U�Q�D�O �R�I �,�Q�W�H�O�O�L�J�H�Q�W �(�Q�J�L�Q�H�H�U�L�Q�J �D�Q�G �6�\�V�W�H�P�V, vol. 13, no. 2, pp. 329–
349, 2020.

[12] W. Ahamd and I. Ullah, “Unified power quality conditioner based power quality
improvement in micro-grid,” in�������� �,�(�(�( �7�H�[�D�V �3�R�Z�H�U �D�Q�G �(�Q�H�U�J�\ �&�R�Q�I�H�U�H�Q�F�H

���7�3�(�&��, 2025, pp. 1–6.

[13] A. Metia and S. Ghosh, “Power quality improvement by upqc in a distribution net-
work using a novel srf based control approach,” in�������� �,�Q�W�H�U�Q�D�W�L�R�Q�D�O �&�R�Q�I�H�U�H�Q�F�H

�R�Q �(�Q�H�U�J�\�� �0�D�W�H�U�L�D�O�V �D�Q�G �&�R�P�P�X�Q�L�F�D�W�L�R�Q �(�Q�J�L�Q�H�H�U�L�Q�J ���,�&�(�0�&�(��, 2023, pp. 1–6.

[14] N. Zanib, M. Batool, S. Riaz, and F. Nawaz, “Performance analysis of renewable
energy based distributed generation system using ann tuned upqc,”�,�(�(�( �$�F�F�H�V�V,
vol. 10, pp. 110 034–110 049, 2022.

[15] K. Sarita, S. Kumar, A. S. S. Vardhan, R. M. Elavarasan, R. K. Saket, G. M. Shafi-
ullah, and E. Hossain, “Power enhancement with grid stabilization of renewable
energy-based generation system using upqc-flc-eva technique,”�,�(�(�( �$�F�F�H�V�V, vol. 8,
pp. 207 443–207 464, 2020.

[16] T.-U. Hassan, R. Abbassi, H. Jerbi, K. Mehmood, M. F. Tahir, K. M. Cheema, R. M.
Elavarasan, F. Ali, and I. A. Khan, “A novel algorithm for mppt of an isolated pv
system using push pull converter with fuzzy logic controller,”�(�Q�H�U�J�L�H�V, vol. 13,
no. 15, p. 4007, 2020.

[17] U. Yilmaz, A. Kircay, and S. Borekci, “Pv system fuzzy logic mppt method and pi
control as a charge controller,”�5�H�Q�H�Z�D�E�O�H �D�Q�G �6�X�V�W�D�L�Q�D�E�O�H �(�Q�H�U�J�\ �5�H�Y�L�H�Z�V, vol. 81,
pp. 994–1001, 2018.

65



[18] A. K. Srivastava, A. A. Kumar, and N. N. Schulz, “Impact of distributed generations
with energy storage devices on the electric grid,”�,�(�(�( �6�\�V�W�H�P�V �-�R�X�U�Q�D�O, vol. 6, no. 1,
pp. 110–117, 2012.

[19] V. Khadkikar, “Enhancing electric power quality using upqc: A comprehensive
overview,”�,�(�(�( �7�U�D�Q�V�D�F�W�L�R�Q�V �R�Q �3�R�Z�H�U �(�O�H�F�W�U�R�Q�L�F�V, vol. 27, no. 5, pp. 2284–2297,
2012.

[20] S. A. Pasha and N. P. Kumar, “Model predictive controller based unified power
quality conditioner for voltage regulation studies in 33-bus closed loop distribution
system,” in�(���6 �:�H�E �R�I �&�R�Q�I�H�U�H�Q�F�H�V, vol. 184. EDP Sciences, 2020, p. 01073.

66



APPENDIX A: CODES AND DATA

Solar PV FUZZY Code of Model

�(�a�v�b�i�2�K�)

�L���K�2�4�^�T�p�R�R�^

�h�v�T�2�4�^�K���K�/���M�B�^

�o�2�`�b�B�Q�M�4�k�X�y

�L�m�K�A�M�T�m�i�b�4�k

�L�m�K�P�m�i�T�m�i�b�4�R

�L�m�K�_�m�H�2�b�4�N

���M�/�J�2�i�?�Q�/�4�^�K�B�M�^

�P�`�J�2�i�?�Q�/�4�^�K���t�^

�A�K�T�J�2�i�?�Q�/�4�^�K�B�M�^

���;�;�J�2�i�?�Q�/�4�^�K���t�^

�.�2�7�m�x�x�J�2�i�?�Q�/�4�^�+�2�M�i�`�Q�B�/�^

�(�A�M�T�m�i�R�)

�L���K�2�4�^�o�Q�H�i���;�2�^

�_���M�;�2�4�(�y �k�y�y�y�)

�L�m�K�J�6�b�4�j

�J�6�R�4�^�G�o�^�,�^�i�`���T�K�7�^�-�(�y �y �j�y�y �3�y�y�)

�J�6�k�4�^�J�o�^�,�^�i�`���T�K�7�^�-�(�d�y�y �R�R�y�y �R�9�y�y �R�d�y�y�)

�J�6�j�4�^�>�o�^�,�^�i�`���T�K�7�^�-�(�R�e�y�y �R�3�y�y �k�y�y�y �k�y�y�y�)

�(�A�M�T�m�i�k�)

�L���K�2�4�^�*�m�`�`�2�M�i�^

�_���M�;�2�4�(�y �9�k�)

�L�m�K�J�6�b�4�j

�J�6�R�4�^�G�A�^�,�^�i�`���T�K�7�^�-�(�y �y �9�X�8 �3�X�k�3�R�)

�J�6�k�4�^�J�A�^�,�^�i�`���T�K�7�^�-�(�d�X�e�d�N �R�j�X�y�3 �k�R�X�3�j �k�e�X�8�k�)

�J�6�j�4�^�>�A�^�,�^�i�`���T�K�7�^�-�(�k�8�X�8�e �j�j�X�d�k �9�k �9�k�)

�(�P�m�i�T�m�i�R�)

�L���K�2�4�^�.�m�i�v�*�v�+�H�2�^

�_���M�;�2�4�(�y�X�9 �R�)

�L�m�K�J�6�b�4�j
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�J�6�R�4�^�G�.�^�,�^�i�`���T�K�7�^�-�(�y�X�9 �y�X�9 �y�X�8 �y�X�e�)

�J�6�k�4�^�J�.�^�,�^�i�`���T�K�7�^�-�(�y�X�8�d�3 �y�X�e�k�3 �y�X�d�3�e�8 �y�X�3�j�9�)

�J�6�j�4�^�>�.�^�,�^�i�`���T�K�7�^�-�(�y�X�3 �y�X�3�8 �R �R�)

�(�_�m�H�2�b�)

�R �R�- �j �U�R�V �, �R

�R �k�- �k �U�R�V �, �R

�R �j�- �k �U�R�V �, �R

�k �R�- �j �U�R�V �, �R

�k �k�- �k �U�R�V �, �R

�k �j�- �k �U�R�V �, �R

�j �R�- �k �U�R�V �, �R

�j �k�- �R �U�R�V �, �R

�j �j�- �R �U�R�V �, �R

Solar PV FUZZY Code of Real System

�(�a�v�b�i�2�K�)

�L���K�2�4�^�T�p�R�R�^

�h�v�T�2�4�^�K���K�/���M�B�^

�o�2�`�b�B�Q�M�4�k�X�y

�L�m�K�A�M�T�m�i�b�4�k

�L�m�K�P�m�i�T�m�i�b�4�R

�L�m�K�_�m�H�2�b�4�N

���M�/�J�2�i�?�Q�/�4�^�K�B�M�^

�P�`�J�2�i�?�Q�/�4�^�K���t�^

�A�K�T�J�2�i�?�Q�/�4�^�K�B�M�^

���;�;�J�2�i�?�Q�/�4�^�K���t�^

�.�2�7�m�x�x�J�2�i�?�Q�/�4�^�+�2�M�i�`�Q�B�/�^

�(�A�M�T�m�i�R�)

�L���K�2�4�^�o�Q�H�i���;�2�^

�_���M�;�2�4�(�y �d�y�y�)

�L�m�K�J�6�b�4�j

�J�6�R�4�^�G�o�^�,�^�i�`���T�K�7�^�-�(�y �y �R�y�y �k�y�y�)

�J�6�k�4�^�J�o�^�,�^�i�`���T�K�7�^�-�(�R�3�y �j�y�y �9�y�y �8�y�y�)

�J�6�j�4�^�>�o�^�,�^�i�`���T�K�7�^�-�(�9�3�y �e�y�y �d�y�y �d�y�y�)
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�(�A�M�T�m�i�k�)

�L���K�2�4�^�*�m�`�`�2�M�i�^

�_���M�;�2�4�(�y �N�y�)

�L�m�K�J�6�b�4�j

�J�6�R�4�^�G�A�^�,�^�i�`���T�K�7�^�-�(�y �y �R�y �k�y�)

�J�6�k�4�^�J�A�^�,�^�i�`���T�K�7�^�-�(�R�3 �j�8 �8�y �e�8�)

�J�6�j�4�^�>�A�^�,�^�i�`���T�K�7�^�-�(�e�y �d�8 �N�y �N�y�)

�(�P�m�i�T�m�i�R�)

�L���K�2�4�^�.�m�i�v�*�v�+�H�2�^

�_���M�;�2�4�(�y�X�9 �R�)

�L�m�K�J�6�b�4�j

�J�6�R�4�^�G�.�^�,�^�i�`���T�K�7�^�-�(�y�X�9 �y�X�9 �y�X�8 �y�X�e�)

�J�6�k�4�^�J�.�^�,�^�i�`���T�K�7�^�-�(�y�X�8�d�3 �y�X�e�k�3 �y�X�d�3�e�8 �y�X�3�j�9�)

�J�6�j�4�^�>�.�^�,�^�i�`���T�K�7�^�-�(�y�X�3 �y�X�3�8 �R �R�)

�(�_�m�H�2�b�)

�R �R�- �j �U�R�V �, �R

�R �k�- �k �U�R�V �, �R

�R �j�- �k �U�R�V �, �R

�k �R�- �j �U�R�V �, �R

�k �k�- �k �U�R�V �, �R

�k �j�- �k �U�R�V �, �R

�j �R�- �k �U�R�V �, �R

�j �k�- �R �U�R�V �, �R

�j �j�- �R �U�R�V �, �R

Energy Storage System FLC Code of Model/Real System

�(�a�v�b�i�2�K�)

�L���K�2�4�^�"�*�J�a�R�R�^

�h�v�T�2�4�^�b�m�;�2�M�Q�^

�o�2�`�b�B�Q�M�4�k�X�y

�L�m�K�A�M�T�m�i�b�4�R

�L�m�K�P�m�i�T�m�i�b�4�k

�L�m�K�_�m�H�2�b�4�k

���M�/�J�2�i�?�Q�/�4�^�T�`�Q�/�^

�P�`�J�2�i�?�Q�/�4�^�T�`�Q�#�Q�`�^
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�A�K�T�J�2�i�?�Q�/�4�^�T�`�Q�/�^

���;�;�J�2�i�?�Q�/�4�^�b�m�K�^

�.�2�7�m�x�x�J�2�i�?�Q�/�4�^�r�i���p�2�`�^

�(�A�M�T�m�i�R�)

�L���K�2�4�^�1�`�`�Q�`�^

�_���M�;�2�4�(�@�e�y�y�y�y �e�y�y�y�y�)

�L�m�K�J�6�b�4�k

�J�6�R�4�^�H�Q�r�1�`�`�Q�`�^�,�^�i�`���T�K�7�^�-�(�@�e�y�y�y�y �@�e�y�y�y�y �@�j�y�y�y�y �y�)

�J�6�k�4�^�K�7�j�^�,�^�i�`���T�K�7�^�-�(�y �j�y�y�y�y �e�y�y�y�y �e�y�y�y�y�)

�(�P�m�i�T�m�i�R�)

�L���K�2�4�^�"�*�^

�_���M�;�2�4�(�y �R�)

�L�m�K�J�6�b�4�k

�J�6�R�4�^�K�7�R�^�,�^�+�Q�M�b�i���M�i�^�-�(�y�)

�J�6�k�4�^�K�7�j�^�,�^�+�Q�M�b�i���M�i�^�-�(�R�)

�(�P�m�i�T�m�i�k�)

�L���K�2�4�^�"�.�^

�_���M�;�2�4�(�y �R�)

�L�m�K�J�6�b�4�k

�J�6�R�4�^�K�7�R�^�,�^�+�Q�M�b�i���M�i�^�-�(�y�)

�J�6�k�4�^�K�7�j�^�,�^�+�Q�M�b�i���M�i�^�-�(�R�)

�(�_�m�H�2�b�)

�R�- �R �k �U�R�V �, �R

�k�- �k �R �U�R�V �, �R

Data of Cesar Apartment, Sanepa, Lalitpur

The following data has been obtained from Gham Power Pvt. Ltd. for Cesar Apartment,
located in Lalitpur, where a solar PV system along with a battery energy storage system
has been installed.
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APPENDIX B: PUBLICATION

Conference paper

Acceptance email for the paper titled ”Performance Evaluation Of PV-ESS-
Integrated Grid Using ANN Tuned UPQC For Power Quality Enhancement” at
the RESSD-2025 Conference of IEEE PES Nepal Chapter.
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APPENDIX C: PLAGIARISM TEST REPORT
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