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ABSTRACT

This work compares two reference current estimation methods for a single-phase
Shunt Active Power Filter (SAPF) applied to a photovoltaic (PV) integrated grid-
connected Electric Vehicle (EV) charging system. Diode-rectifier EV chargers intro-
duce harmonic currents at the point of common coupling (PCC); without compen-
sation, source current THD readily exceeds the 5% limit prescribed by IEEE Std
519-2014.

The two methods examined are the Hopfield Neural Network (HNN) method and
the Generalized Integrator (GI) method. In the HNN approach, load current is
decomposed into in-phase and quadrature components whose estimation dynamics
share a Lyapunov—Hopfield energy function, guaranteeing asymptotic stability. The
GI uses a second-order resonant integrator tuned at 50 Hz to extract the fundamen-
tal component without phase lag; it is simpler to implement but its fixed resonant
frequency reduces robustness under load transients.

The full system, a 110 V, 50 Hz single-phase grid, diode-rectifier EV load, PV array
with MPPT-controlled boost converter, 154 V lead-acid battery with bidirectional
buck-boost converter, and a VSC-based SAPF was modelled in MATLAB /Simulink.
Both controllers were tested under steady-state operation, a step reduction in irra-
diance from 1000 W/m? to 500 W/m? at ¢ = 3.5 s, and a load step. The HNN
achieves a source current THD of 3.61% against 4.35% for the GI, a 17.01% relative
reduction, with both values within the IEEE 519-2014 limit. The HNN also shows
tighter DC-link voltage regulation and faster settling under transients. The power
balance holds throughout the 5 s simulation for both controllers. These results in-
dicate that the HNN is preferable where precise harmonic compensation is required;

the GI remains a viable alternative under less demanding operating conditions.
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CHAPTER 1

INTRODUCTION

1.1 General

Electricity, in today’s world, is no longer a luxury but a basic need of life. The
way it is produced, distributed and consumed has changed quite a lot in the last
two decades. The growing interest in renewable energy sources like solar (PV) and
wind energy has changed the structure of conventional power systems. At the same
time, the transport sector is also moving towards electric mobility. The number of
Electric Vehicles (EVs) on the road has been increasing year after year all over the
world. Both of these changes, although individually very useful, have created new
challenges for the operation of distribution networks. The most important of these
challenges is the deterioration of power quality.

Power quality (PQ) refers to the property of the electrical supply by which all
the equipment connected to it can operate in the normal manner without any mal-
function [1,2]. Ideally, the voltage and current waveforms in a power system should
be perfectly sinusoidal, balanced and at fixed frequency. In practice however, due
to various reasons, these waveforms get distorted. The distortion is usually quanti-
fied using the Total Harmonic Distortion (THD), which measures how much of the
waveform consists of harmonic components that are different from the fundamental.

Nonlinear loads are the main cause of harmonic distortion in modern distribution
systems. A nonlinear load is one that draws a non-sinusoidal current even when the
supply voltage is sinusoidal. Diode bridge rectifiers, switched mode power supplies,
variable frequency drives and most importantly the EV chargers fall under this cat-

egory. When such loads are connected at the Point of Common Coupling (PCC),
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the source current becomes highly distorted and contains many odd harmonics like
the 34, 5" 7" and so on. These harmonics cause many problems. They increase
the losses in transformers and cables, cause overheating of motors, lead to malfunc-
tioning of sensitive electronic equipment and may even trip the protection relays
unnecessarily [3-5].

To control these harmonics, several techniques have been developed over the
years. Passive filters were the first attempt and they consisted of tuned LC circuits
that provided a low impedance path to specific harmonic frequencies [6-8]. While
passive filters are simple and inexpensive, they have their own limitations. They
are tuned at a fixed frequency, so they cannot adapt to changes in the load. They
are also bulky and may resonate with the source impedance, sometimes making
the problem worse. To overcome these issues, active power filters (APFs) were
introduced. Among different types of APFs, the Shunt Active Power Filter (SAPF),
which is connected in parallel with the load at PCC, has emerged as the most
popular choice [9,10]. It can dynamically adapt to changing load conditions and
provide accurate harmonic compensation in real time.

A SAPF works on a very simple principle. It senses the load current, calculates
the harmonic part of it, and then injects an equal and opposite current at the PCC
so that the source side current becomes nearly sinusoidal. The hardware of a SAPF
is essentially a Voltage Source Converter (VSC) with a DC link capacitor on one side
and the AC system on the other side. The VSC is operated using suitable switching
algorithms to produce the required compensating current. The performance of the
SAPF mainly depends on two things: (i) the topology of the VSC and the design of
its passive components, and (ii) the control algorithm used to generate the reference
compensating current. Among these two, the control algorithm is the more critical
one. Even with the best hardware, a poorly designed control algorithm can give
very bad compensation results.

The integration of PV systems with the distribution network adds another layer
of complexity to this problem. PV systems generate DC power that depends on the
solar irradiance, which keeps changing during the day. This DC power has to be
converted to AC of grid quality and synchronized with the grid before injection. The
same VSC that is used as a SAPF can also be used to perform this grid interfacing
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function. This is a very attractive arrangement because it allows the same power
electronics hardware to do two jobs at once: harmonic compensation and PV power
injection [11,12]. However, the control algorithm now has to be smart enough to
handle both tasks simultaneously, while also dealing with the intermittency of solar
irradiance.

When a battery energy storage system is also added to this arrangement, things
become even more interesting. The battery, connected through a bidirectional DC-
DC converter, can store the excess PV energy when it is sunny and release it back
to the load when needed. This kind of system, sometimes called a PV-BES (Photo-
voltaic with Battery Energy Storage) system, is the natural choice for EV charging
stations. In such a station, the EV charger acts as a nonlinear load, the PV array
provides clean energy, the battery acts as a buffer and the SAPF maintains good
power quality at the PCC. The control of this entire system, especially the SAPF

part, is what the present work focuses on.

1.2 Motivation

The motivation for this work comes from a real-world observation. As more and
more EVs are getting introduced in cities, charging stations are also being set up
everywhere. Many of these stations are getting integrated with rooftop solar PV
systems and battery banks to reduce the load on the grid. However, the chargers
used in these stations are mostly nonlinear loads. A typical Level-1 or Level-2
EV charger has a diode bridge rectifier at the front end followed by a DC-DC
converter [13,14]. The current drawn by this rectifier has a peaky waveform with
high harmonic content. When several such chargers operate at the same time, the
harmonic problem at the PCC becomes severe.

The IEEE Standard 519-2014 [15] lays down strict limits on the allowable har-
monic content of source currents in distribution systems. For systems below 1 kV,
the standard prescribes that the THD of the source current should not exceed 5%.
Many EV charging stations fail to meet this limit unless some form of harmonic
compensation is provided. The SAPF is the most practical solution and a lot of

work has been reported on its design and control [16-18].
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In the literature, many different reference current estimation algorithms have
been proposed for SAPF. These include the Synchronous Reference Frame Theory
(SRFT), Instantaneous Reactive Power Theory (p-q theory), Second Order Gener-
alized Integrator (SOGI), Least Mean Square (LMS) based algorithms, ADALINE
based algorithms, and various advanced neural network based methods [19-22].
Each algorithm has its own merits and demerits. Some are fast but unstable. Others
are stable but slow. Some require complex parameter tuning. There is no single
algorithm that is best for all applications.

Among the more advanced algorithms, the Hopfield Neural Network (HNN)
based control algorithm has received considerable attention in the recent past [23,24].
The HNN is a recurrent neural network in which the objective function used during
training is simultaneously a valid Lyapunov function for the underlying dynamical
system. This gives the HNN an important property: guaranteed asymptotic stability
of the estimation dynamics. This is a major advantage over many other algorithms
whose stability is either not proved or has to be checked case by case.

At the same time, the Generalized Integrator (GI) based method has been used
widely in single-phase grid-connected systems for various purposes [25-27]. The GI
is essentially a band-pass filter built around a second-order resonant integrator. It is
computationally simple, requires very few tuning parameters, and gives good results
in steady state conditions.

However, when one looks at the existing literature, a clear gap emerges. The
HNN based algorithm has been mostly studied in the context of three-phase sys-
tems. Its performance for single-phase SAPF, especially in a unified PV-battery-EV
charging environment, has not been investigated in detail. Similarly, the GI based
algorithm has been used in single-phase PV integration but not specifically for SAPF
control in EV charging systems with battery storage. There is also no direct com-
parison between these two algorithms under identical operating conditions. This
comparison is important because the choice of algorithm has a direct impact on the
achieved THD, the transient performance, the computational complexity and the
stability guarantees.

The present work is motivated by this gap. The aim is to take the HNN algorithm

and use it for single-phase current estimation in a unified PV-battery-EV charging
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system, take the GI algorithm and apply it to the same system, and then compare
the two under steady state as well as dynamic conditions. The comparison includes
the THD performance, transient response, DC link voltage regulation and power
balance. The goal is to establish which algorithm is more suitable for the kind
of system being studied here, and to provide a clear quantitative basis for that

conclusion.

1.3 Background on the Problem

1.3.1 Power Quality Issues in EV-PV Integrated Systems

The integration of EVs and PV systems into the distribution network brings unique
power quality challenges. These challenges differ from those of conventional indus-
trial loads in some important ways. First, EV charging is a stochastic load, meaning
that the number and duration of charging events vary throughout the day. Second,
the EV charger is a power electronic device, which means it is inherently a nonlinear
load. Third, the PV generation is intermittent and depends on weather conditions.
Fourth, in a PV-EV integrated system, both generation and consumption happen
at the distribution level, which is a departure from the traditional unidirectional
power flow.

These factors together create a power quality environment that is much more
dynamic than what was seen in traditional distribution systems. Voltage sags and
swells, harmonic distortion, voltage flicker, frequency deviation, unbalance, and DC
offset are some of the issues that may occur [5,28,29]. Among these, harmonic
distortion is the most common and the most damaging in the short term, which is

why harmonic compensation has received the most attention.

1.3.2 Role of SAPF in Power Quality Improvement

The SAPF is connected at the PCC and works in current control mode. It senses
the load current 77, estimates the fundamental component of this current, computes
the difference (which is the harmonic content) and injects a compensating current i..

such that the source side current becomes i, = i;, — 7. ~ sinusoidal. The DC link of
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the SAPF is maintained at a reference voltage V., by a PI controller. The reference
compensating current is realized by switching the VSC using a Hysteresis Current
Controller (HCC) or a similar fast inner loop.

The H-bridge configuration of the VSC is the standard choice for single-phase
SAPF. It consists of four IGBT switches with anti-parallel diodes, and a single DC
link capacitor on the DC side [30]. The interfacing inductor Ly on the AC side
limits the rate of change of compensating current and helps in smoothing the high

frequency switching ripples.

1.3.3 HNN and GI Methods at a Glance

The HNN method, formulates the fundamental current estimation as an optimiza-
tion problem. The objective function is the squared error between the actual load
current and an estimated load current expressed as a sum of sinusoidal components.
The weights of these components (d-axis and g-axis amplitudes) are updated by
following the negative gradient of the objective function. Because the objective
function is at the same time a Lyapunov function for the weight dynamics, asymp-
totic convergence is guaranteed. The fundamental amplitude is then computed from
the d- and g-axis weights as ipeq = /15 + 2.

The GI method, uses a Second Order Generalized Integrator (SOGI) tuned at
the grid fundamental frequency w = 314 rad/s. The SOGI takes the load current
as input and produces two outputs: an in-phase fundamental component i, and a
quadrature fundamental component i73. The fundamental amplitude is then iy =
i3, + i%B. The reference current at source is generated by the product of this
amplitude with a unit in-phase template sin(wt) obtained from a SOGI based PLL.

1.4 Problem Statement

The specific problem addressed in this dissertation can be stated as follows:
Consider a single-phase grid-connected E'V charging system in which a nonlinear

EV load is supplied by the grid. A PV array is connected to the DC link of the SAPF

through an MPPT controlled boost converter, and a battery is connected to the same

DC' link through a bidirectional buck-boost converter. The SAPF is realized using
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an H-bridge VSC. The objective is to determine which reference current estimation
algorithm gives better performance: the Hopfield Neural Network (HNN) method or
the Generalized Integrator (GI) based method. The performance is to be evaluated in
terms of (a) source current THD, (b) compliance with IEEE 519-2014, (c) transient
response under irradiance variation and load step, (d) DC link voltage regulation,

and (e) power balance maintenance.

1.5 Objectives of the Present Work

The main objectives of this dissertation are:

1. To develop a complete MATLAB/Simulink model of a single-phase PV-battery-

grid connected EV charging system with SAPF.

2. To adapt the HNN based reference current estimation algorithm, originally
developed for three-phase systems, to the single-phase case considered in this

work.

3. To implement the GI based reference current estimation algorithm for the

same single-phase system.

4. To design the various components of the SAPF, including the DC link voltage,

DC link capacitance and interfacing inductor.

5. To simulate the system under steady state operation, sudden irradiance change

and load step, with both controllers in turn.

6. To compare the performance of the two controllers quantitatively in terms of

THD, transient response, DC link voltage regulation and power balance.

7. To draw conclusions regarding which controller is more suitable for the kind

of system studied, and to suggest directions for future work.

1.6 Scope and Limitations

The scope of this dissertation is limited to simulation studies in MATLAB /Simulink.

Hardware implementation and experimental verification are not part of this work.

7
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The system considered is single-phase only; extension to three-phase systems is left
for future work. The comparison is restricted to HNN and GI based methods. The
battery is modelled using a simplified lead-acid model, and detailed electrochemical
modelling is not considered. PV panel mismatch and partial shading effects are also
not studied. The grid is assumed to be stiff (constant frequency and voltage), and
weak grid scenarios are not investigated.

These limitations do not affect the validity of the comparison being presented.
They simply define the boundary of the present study and indicate the directions in

which the work can be extended in the future.

1.7 Organization of the Thesis

The remainder of this thesis is organized as follows.

Chapter 2 presents a detailed literature review covering the various aspects of
the problem. It covers the basics of power quality, the design and control of SAPF,
the various reference current estimation algorithms reported in the literature, the
integration of PV systems and batteries into distribution networks, and the specific
challenges of EV charging from a power quality perspective. The chapter ends with
the identification of research gaps that motivated this work.

Chapter 3 describes the configuration of the single phase PV-Battery-Grid
connection EV charging system. This chapter further describes the configuration of
the SAPF including the voltage across DC link, DC link capacitance and interfacing
inductor. This chapter describes the maximum power point tracking technique
(MPPT) algorithm, the bidirectional converter of the battery, and all the sensor
circuits.

Chapter 4 presents the complete mathematical formulation of the HNN based
control algorithm. Starting from the Fourier series decomposition of the load current,
it derives the objective function, the weight update equations, and the amplitude
estimation expression. The Lyapunov stability of the algorithm is established &
suitably adapted to single-phase systems.

Chapter 5 presents the GI based control algorithm. The transfer functions of

the SOGI structure are derived. The selection of the resonant frequency and the

+ iThenticate Page 26 of 104 - Integrity Submission Submission ID  trn:oid:::3117:598728501



+ iThenticate

+ iThenticate

Page 27 of 104 - Integrity Submission Submission ID trn:oid:::3117:598728501

gain K is discussed. The reference source current generation procedure using the
SOGI outputs and the unit template is explained. The chapter also discusses the
limitations of the GI method, particularly its sensitivity to frequency drift.

Chapter 6 presents the MATLAB/Simulink simulation results. The simulation
setup, parameter selection and various test conditions are described. The time-
domain waveforms, THD spectra, power balance results, battery charging/discharging
behaviour, and estimated load current comparison are all presented in detail. The
results of both controllers are compared and discussed.

Chapter 7 concludes the dissertation. The main findings are summarised, the
contributions of this work are highlighted, and several directions for future research
are suggested.

The dissertation ends with a list of references and an Appendix that contains

the complete list of simulation parameters.
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CHAPTER 2

LITERATURE REVIEW

2.1 General

This chapter presents a review of the existing literature relevant to the present
work. The aim of this chapter is to give the reader a good understanding of where
the research community currently stands on the various aspects of the problem
being studied. It covers the basic concepts of power quality, the design and control
of Shunt Active Power Filters (SAPF), the various reference current estimation
algorithms reported in the literature, the integration of PV systems and batteries
into distribution networks, and the specific challenges of EV charging from a power
quality perspective. Towards the end of the chapter, the gaps in the existing work
are identified, and these gaps form the motivation for the present study.

The literature on power quality and active filters is huge, with thousands of
papers published every year. So this review is not meant to be exhaustive. Instead,
it focuses on the works that are most relevant to the kind of system being studied
here, namely a single-phase PV integrated grid-connected EV charging system with

battery storage and a SAPF for harmonic compensation.

10
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2.2 Power Quality Problems in Distribution Sys-

tems

2.2.1 Definition and Classification

The term power quality is generally used to describe the property of the electrical
supply by which all the equipment connected to it can operate normally without
any malfunction. The IEEE Standard 1159-2009 [29] gives a detailed definition
and classifies power quality problems into several categories: voltage sag and swell,
voltage flicker, harmonic distortion, voltage unbalance, transients, interruptions and
frequency variations. Among these, harmonic distortion is the most common in
modern distribution systems because of the widespread use of power electronic loads.

Singh, Chandra and Al-Haddad in their book [1] provide a comprehensive treat-
ment of power quality problems and their mitigation techniques. They classify
mitigation methods into three categories: passive filters, active filters and hybrid
filters. Moreno-Munoz [2] discusses power quality issues in a distributed generation

environment.

2.2.2 Harmonics and Their Effects

Harmonics are sinusoidal components of the current or voltage waveform whose
frequencies are integer multiples of the fundamental frequency. Odd harmonics like
the 3™, 5" and 7*" are the most common in single-phase systems with rectifier loads.
The IEEE Working Group on Power System Harmonics [31] gave an early overview
of harmonic issues in power systems. Wakileh [32] has provided a detailed treatment
in his book “Power Systems Harmonics”.

Harmonic distortion is usually measured using the Total Harmonic Distortion
(THD), which is the ratio of the rms value of all harmonic components to the rms
value of the fundamental. For source current, the THD should be kept below 5%
as per IEEE Standard 519-2014 [15]. Higher values of THD lead to many problems:
extra losses in transformers, derating of cables, malfunction of sensitive electronic
equipment, audible noise in motors and unnecessary tripping of protection relays

[33,34].

11
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2.3 Compensation Devices for Power Quality Im-

provement

2.3.1 Passive Filters

Passive filters were the first attempt at harmonic mitigation. They consist of tuned
LC circuits that provide a low impedance path to specific harmonic frequencies.
Beres et al. [6] have given a comprehensive review of passive power filters for three-
phase grid-connected VSCs. Das [7] has discussed the potentialities and limitations
of passive filters. Although simple and inexpensive, passive filters suffer from several
drawbacks. They are tuned at a fixed frequency and cannot adapt to changes in the
load. They are also bulky, especially for low harmonic orders. They may resonate
with the source impedance, sometimes amplifying the problem they were meant to
solve. LCL filters [35] are an improvement over simple LC filters but they too have

similar issues.

2.3.2 Active Power Filters

To overcome the limitations of passive filters, Active Power Filters (APFs) were in-
troduced. APFs are essentially power electronic converters that produce a control-
lable compensating current (or voltage) which cancels the harmonics in the source
current (or voltage). They can dynamically adapt to changing load conditions.

APFs are classified based on their topology and connection:

e Shunt Active Power Filter (SAPF): Connected in parallel with the load.
Used mainly for current harmonic compensation. This is the topology studied

in this thesis.

e Series Active Power Filter: Connected in series with the supply. Used for

voltage harmonics and voltage sag compensation [36-38].

e Unified Power Quality Conditioner (UPQC): A combination of shunt

and series filters. Provides comprehensive power quality improvement [39,40].

12
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2.4 Reference Current Estimation Algorithms for

SAPF

The reference current estimation algorithm is the heart of the SAPF. It is responsible
for extracting the fundamental component of the load current so that the harmonic
part can be computed and compensated. A wide variety of such algorithms have

been proposed in the literature.

2.4.1 Neural Network Based Algorithms

Neural networks have been used extensively for SAPF control because of their ability
to learn from data and adapt to changing conditions. Haykin’s book [41] is the
standard reference for neural networks. Lin and Lee [42] discuss neuro-fuzzy systems.

Hopfield Neural Network (HNN): The HNN is a recurrent neural network
in which the objective function used for training is also a Lyapunov function for
the underlying dynamical system. This property guarantees asymptotic stability.
Cirrincione et al. [43,44] used adaptive neural filtering for single-phase DG with
SAPF capability.

2.4.2 Generalized Integrator and SOGI Based Methods

The Generalized Integrator (GI) and its second-order version (SOGI) have become
very popular for single-phase grid-connected systems. Shah et al. [25] used GI
based control for single-stage grid interfaced SECS. Shah and Singh [26] developed
a fourth-order GI control scheme. Saxena, Singh and Rai [27,45,46] have done
extensive work on enhanced third-order GI techniques.

The SOGI itself was developed primarily for grid synchronization. Xiao et al. [47]
developed a frequency-fixed SOGI based PLL. Kulkarni and John [48] designed a
fast response single-phase PLL with DC offset rejection. Zhang et al. [49] used

mixed second and third order GI for DC offset elimination.

13
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2.4.3 Functional Link Neural Networks

A more recent class of algorithms uses functional link neural networks, in which the
input is expanded using a basis of orthogonal polynomials before being processed
by a neural network. The popular ones include the Trigonometric Functional Link
Neural Network (TFLNN), Legendre Functional Neural Network (LEFNN) [50-53],
Chebyshev Functional Expansion Neural Network [24], and spline based filters [54—
56]. These methods avoid the need for PLL and Park-Clark transformations. La-
grange interpolation based variants [57-59] are also reported.

Sicuranza and Carini [60-63] have studied the BIBO stability conditions for adap-
tive FLANN filters. Kumar et al. [64-69] from Bhim Singh’s group have proposed

many variants of these algorithms.

2.5 Photovoltaic Integration with Distribution Net-

works

2.5.1 PV Modelling and MPPT

PV systems generate DC power that depends on solar irradiance and temperature.
A standard single-diode equivalent circuit is used to model the PV array. The
maximum power point of the array changes with operating conditions, and so a
Maximum Power Point Tracking (MPPT) algorithm is needed to keep the array
operating at its optimal point. Several MPPT algorithms are reported: Perturb &
Observe [70,71], Incremental Conductance [72, 73], fuzzy logic [74,75], ANN based
[76], and many others.

2.5.2 PV Grid Integration

Various aspects of PV integration with the grid have been studied. Karimi et al. [77]
reviewed the issues and impacts of PV penetration in distribution networks. Liu et
al. [78] developed droop control for PV with two-stage power conversion. Jain and
Singh [79] proposed an adjustable DC link voltage based control for multifunctional
grid interfaced solar PV. Mirhosseini et al. [80] addressed ride-through capability

of PV plants under grid faults. Mastromauro et al. [11] discussed control issues

14
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in single-stage PV systems. Kjaer et al. [12] reviewed single-phase grid-connected
inverters for PV modules.

Bhim Singh’s group has done extensive work on PV integration with SAPF
capability. The ILST control algorithm [81], the HTF based control [82], neural
detection based control [83], recursive digital filter [84], MGI control [85], and many

others have been developed.

2.6 Use of Battery in PV System

The use of battery energy storage with PV systems is essential to reduce the in-
termittency of solar generation. Rallabandi et al. [86] cover integration of battery
energy storage with multi-MW PV systems. Karthikeyan and Gupta [87] propose

varying phase angle control for bidirectional converters in PV-battery systems.

2.7 EV Charging and Power Quality

The rapid increase in EV adoption has brought EV-specific power quality issues to
the forefront. The IEC 61851-1 [88], while not cited in the works above directly,
governs EV conductive charging system requirements. Recent works specifically ad-
dressing EV-PV integrated power quality include Amir et al. [13] who use intelligent
learning for transition control and protection in solar PV integrated EV charging
stations. Nayak and Mohanty [14] address grid connected EV charging/discharging

rate management.

2.8 Synchronization Techniques

Although not the main focus of the present work, the unit template generation
for the SAPF requires a synchronization technique. The standard SRF-PLL [89]
works well in stiff grids but struggles under distorted conditions. SOGI based
PLLs [47,49,90-92] are more robust. Adaptive Notch Filter (ANF) based PLLs [93]
have also been proposed. Moving Average Filter based PLLs [94], Cascaded De-
layed Signal Cancellation PLLs [95], and DFT based synchronization [96] are other

15
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alternatives. Kalman filter based synchronization [97-99] can handle weak grid con-
ditions. Quadrature signal generation based on Goertzel algorithm [100] is another
approach.

Singh et al. [101] developed adaptive neuron detection based control with active
filtering. Tsai-Fu Wu et al. [102] treat single-phase PV inverters with active power
filtering capability. Chaudhary and Rizwan [103] developed a QNBP NN-based
Icosg algorithm for PV systems integrated with LV/MV grid.

2.9 Research Gaps and Motivation for the Present
Work

Based on the literature review presented above, the following research gaps are

identified:

1. HNN for single-phase SAPF in PV-EV environment: The HNN based
control algorithm developed by Chittora [23] has been studied mainly for three-
phase systems. Its adaptation to single-phase SAPF in a unified PV-battery-

EV charging environment has not been investigated in detail.

2. Direct comparison of HNN and GI: A direct head-to-head comparison of
the HNN method and the GI based method, under identical operating condi-
tions in a PV-EV-Battery integrated system, is missing in the literature. This
kind of comparison is important for practitioners who have to choose between

these two algorithms for actual implementations.

3. Dynamic performance comparison: Most comparative studies focus on
steady state THD only. The comparison under dynamic conditions like sudden

irradiance change and load steps has not been done systematically.

4. Power balance validation: The validation of the power balance identity
Pyia + Pysc = Proaa in a combined PV-Battery-EV-SAPF system, under
both steady state and dynamic conditions, has not been clearly demonstrated

for HNN vs GI comparison.

16

+ iThenticate Page 34 of 104 - Integrity Submission Submission ID  trn:oid:::3117:598728501



+ iThenticate Page 35 of 104 - Integrity Submission Submission ID  trn:oid:::3117:598728501

5. Lyapunov stability advantage: While the Lyapunov stability of HNN is
well established theoretically, its practical advantage in the PV-EV charging
context (in terms of better transient response, settling time and DC link reg-

ulation) has not been quantified.

The present work addresses these gaps by undertaking a systematic simulation
based comparison of HNN and GI methods for SAPF control in a single-phase
PV-Battery-grid-connected EV charging system. The detailed objectives and scope
of this work were stated in Chapter 1. The next chapter describes the system

configuration and the design of the various components in detail.

2.10 Summary

This chapter has presented a review of the literature on power quality, SAPF design
and control, various reference current estimation algorithms, PV integration, battery
storage, EV charging power quality and related synchronization techniques. The
huge volume of work in this area was summarized under several thematic headings.
The chapter ended with the identification of five specific research gaps that motivate
the present study.

The next chapter describes the system configuration of the PV-Battery-grid-
connected EV charging system with SAPF, adopting the PV-BES configuration
from Arora’s thesis (Section 3.1.3), and provides the detailed design calculations for

the various components.
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CHAPTER 3

SYSTEM CONFIGURATION AND DESIGN

3.1 General

This chapter describes the system configuration of the single-phase PV-Battery inte-
grated grid-connected EV charging system with Shunt Active Power Filter (SAPF)
that has been studied in this dissertation. The chapter also describes the PV array
model, the MPPT algorithm, the bidirectional buck-boost converter for the battery,
and the various sensor and gate drive arrangements.

The objective of this chapter is to give the reader a complete picture of the
hardware setup as captured in the simulation model. Once this setup is clearly
understood, the next two chapters describe the two control algorithms (HNN and

GI) that are applied to this system, and Chapter 6 presents the simulation results.

3.2 Overall System Topology

The complete topology of the proposed system is shown in Fig. 3.1. It consists of

the following main subsystems:

—_

. Single-phase AC grid with source impedance.

2. Nonlinear EV charging load.

3. Shunt Active Power Filter (SAPF) at PCC.

4. PV array with MPPT controlled boost converter connected at the DC link.

5. Lead-acid battery with bidirectional buck-boost converter connected at the

same DC link.

18
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6. Control system that includes the reference current estimation algorithm (HNN

or GI), DC link voltage PI controller, and hysteresis current controller.

The single-phase sinusoidal AC grid supplies a voltage of V; = 110 V rms at

50 Hz. The nonlinear load is realised by a single-phase diode bridge rectifier feeding

a series R-L load. The resistance Ry, varies from 20 to 120 Q2 to emulate different

EV charging states and load step transients. The inductance L; = 80 mH provides

some smoothing on the DC side of the rectifier.
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Figure 3.1: Topology of the proposed PV-Battery-grid-connected EV charging sys-

tem with SAPF.

The SAPF is connected in parallel with the nonlinear load at the PCC through

an interfacing inductor L;. It consists of an H-bridge VSC formed by four IGBT

switches with anti-parallel diodes, and a DC link capacitor Cy.. The DC link is

shared between the SAPF, the PV boost converter and the battery bidirectional

converter. This sharing allows the same VSC to perform multiple functions: har-

monic compensation, PV power injection into the grid, and management of the

battery charge/discharge.
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The relation between the various currents at the PCC is given by Kirchhoft’s
current law:

iy =ip + i (3.1)

where i is the source (grid) current, iy, is the nonlinear load current, and i, is
the compensating current injected by the SAPF. When the SAPF operates correctly,
the compensating current cancels the harmonic content of the load current, making

the source current ¢ nearly sinusoidal and in phase with the supply voltage v;.

3.3 Configuration of PV-BES System

The single-phase PV-Battery Energy Storage (PV-BES) system configuration, with
appropriate adaptations for the present work. The block diagram of this PV-BES
system is shown in Fig. 3.1. The key features of the configuration are described

below.

3.3.1 PV Array and Boost Converter

The PV array is connected to the DC link through a DC-DC boost converter. The
boost converter is operated under the control of a Maximum Power Point Tracking
(MPPT) algorithm. The MPPT regulates the duty cycle of the boost converter so
that the PV array always operates at its maximum power point under any irradiance
and temperature condition. The Perturb and Observe (P&O) algorithm is used in

this work because of its simplicity and proven reliability.

3.3.2 Battery and Bidirectional Converter

The battery is connected to the same DC link through a bidirectional buck-boost
converter. The battery is a 154 V lead-acid battery with a nominal capacity of
20 Ah and an initial State of Charge (SOC) of 90%. The bidirectional converter has

two switches:

e Switch SW1 (boost mode): When the battery is supplying power to the DC
link (discharging mode), SW1 operates in PWM and SW2 is off.

20
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e Switch SW2 (buck mode): When the battery is being charged from the DC
link (charging mode), SW2 operates in PWM and SW1 is off.

This dual mode operation allows the battery to absorb the excess PV energy
when the solar irradiance is high and to release stored energy when the PV is
insufficient to meet the load demand. The bidirectional converter inductor Ly, and

capacitor Cy, are designed to limit current and voltage ripples respectively.

3.4 Design of SAPF Components for Single-Phase
System

This section presents the design calculations for the SAPF components, The proce-

dure is specifically for single-phase systems.

3.4.1 DC Link Voltage V.

For proper operation of the SAPF, the DC link voltage must be greater than the
peak of the supply voltage. This is needed so that the VSC can inject sufficient
compensating current at all instants in the AC cycle. The minimum DC link voltage
is computed as

Viemin = V2 Vims = V2 x 110 = 155.56 V (3.2)

An adequate margin above this minimum is provided to account for transients,
losses and the need to support the boost converter operation. The chosen DC link
voltage is

Vie = Viaerer = 200 V (3.3)

This value provides a margin of about 28.6% above the calculated minimum.

3.4.2 DC Link Capacitance C},.

The capacitor located on DC link is sized according to the principle of energy balance
during transients. Sudden variation in load, the capacitor must be able to absorb

or supply the transient energy without allowing V. to deviate too much from its
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reference value. The energy balance condition is

1
5Cac (Viie = Viia) = KiVims a1t (3.4)
Rearranging,
2K\ Vipsalt
Cic =3 7 — (3.5)
Vie = Vier

Substituting the values K; = 0.5, Vs = 110 V, I, = 20 A, t = 0.02 s,
Ve =200V, Vgq = 155.56 V, a = 1.2:

_2><O.5><11()><1.2><20><0.()2

. = 3341 uF .
Ca 200% — 155.56° 3541 p (3.6)
A standard commercially available value is selected:

Cy. = 3000 pF (3.7)

This is slightly lower than the calculated value but still acceptable considering

the conservative overloading factor used.

3.4.3 Interfacing Inductor L;

The interfacing inductor is used to limit the high frequency ripple in the compen-
sating current injected by the SAPF. Its value depends on the modulation index
m, the DC link voltage V., the switching frequency f,, the allowable current ripple

I.rpp and the overloading factor a:

m Ve

Ly=—"—"— 3.8
d 4afs Icrpp ( )

Substituting m =1, V4. =200 V, a = 1.2, f, =10 kHz, I.,,, = 1.5 A:

1 x 200
f T IX12x10x10 x 15 > /Tmi~3m (3:9)
The selected value is

L;=3mH (3.10)
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3.4.4 1IGBT Module Rating

The IGBT switches must be rated for the maximum DC link voltage and the peak
compensating current. With V. = 200 V and a peak compensating current of about
20 A, the IGBTSs need a voltage rating of at least 400 V (allowing for 2x margin) and
a current rating of at least 30 A. Such IGBT modules are commercially available
from manufacturers like Infineon, IXYS and Semikron, and their use does not pose

any practical difficulty.

3.5 PV Array Design

The PV array used in this simulation is based on the Kyocera Solar KD250GX-LFB2

panel. The panel specifications are summarised in Table 3.1.

Table 3.1: Specifications of the PV Panel (Kyocera Solar KD250GX-LFB2)

Parameter Value
Maximum power P, 250.022 W
Open circuit voltage V.. 36.9 V
Short circuit current I, 9.09 A
Maximum power voltage V/,, 29.8 V
Maximum power current /,,, 8.39 A
Series connected modules per string 3
Cells per module 60
Parallel strings 1
Temperature coefficient of voltage | —0.32 %/°C
Temperature coefficient of current | +0.06 %/°C
Sampling time D s

With 3 panels in series, the array provides a maximum voltage of about 3x29.8 =
89.4 V and a maximum current of about 8.39 A under standard test conditions

(1000 W/m? irradiance, 25°C). The total array power is approximately 750 W.
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(15 3.5.1 Boost Converter Design

The boost converter steps up the PV array voltage to the DC link voltage of 200 V.

The duty cycle D in continuous conduction mode is given by:

Vin 89.4
—1- 2" ~055 (3.11)

D=1-
Vout 200

The boost inductor Lj is chosen to limit the current ripple to about 20% of the

average inductor current:

D xV, 0.55 x 89.4
Ly = me_ ~ 5 mH 3.12
" T Alpy X for  08Ix10x 108 >0 (3.12)

A practical value L, = 5 mH is selected. The boost capacitor Cj, is selected to

limit output voltage ripple:

D x Iout

Cp=—— ot
’ A%utxfsw

~ 150 uF (3.13)

3.6 Battery and Bidirectional Buck-Boost Con-
verter

The battery used in the simulation is a 154 V lead-acid battery with a nominal
capacity of 20 Ah and an initial State of Charge of 90%. The battery is modelled
using the standard Simscape Electrical battery block with the response time set to

0.1 s.

3.6.1 Bidirectional Buck-Boost Converter Design

In buck mode (battery charging), the duty cycle is:

V, 154
Dy = —2 = ——= = 0.77 3.14
buck = 200 (3.14)

The bidirectional converter inductor Ly, is sized to limit current ripple:

D(Vie — Vi) 0.77 x (200 — 154)
Ly, = = ~ 1 mH 1
" TOALL X faw | Bx10Px01x7 M (3.15)
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A practical value Ly, = 2 mH is selected to provide a more conservative current
ripple. The bidirectional converter capacitor Cy, = 470 uF is selected for adequate

output filtering.

3.6.2 Control of Bidirectional Converter

The bidirectional converter is controlled by a simple power balance logic. The net
PV power available at the DC link is computed and compared with the load demand.
If PV power exceeds load demand, the converter operates in buck mode to charge
the battery. If PV power is less than load demand, the converter operates in boost
mode to supplement the deficit. A hysteresis band around the threshold prevents
rapid mode switching due to small fluctuations.

The SOC is monitored continuously. Discharging is inhibited if SOC falls below
20% to prevent deep discharge. Charging is inhibited if SOC exceeds 95% to prevent

overcharging. These limits are based on standard practices for lead-acid batteries.

3.7 Reference Current Generation and Hysteresis
Current Controller

This section describes the part of the control system that is common to both the
HNN and GI algorithms. The specific algorithms are described in Chapters 4 and 5

respectively.

O 3.7.1 DC Link Voltage PI Controller

The DC link voltage is regulated by an outer PI controller. The error between the

reference and the actual DC link voltage is given by
eac(k) = Vi (k) — Vae(k) = 200 — Ve (k) (3.16)

The PI controller output, which represents the loss current component [, is

updated as

(7] Tioss(k) = Tioss(k — 1) + Kp{eae(k) — ek — 1)} + K; eqe(k) (3.17)
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+ iThenticate Page 43 of 104 - Integrity Submission Submission ID  trn:oid:::3117:598728501



+ iThenticate Page 44 of 104 - Integrity Submission Submission ID trn:oid:::3117:598728501

The PI gains are K, = 0.1 and K; = 1.0. An anti-windup limit is applied to keep

Ijpss within [—5, +5] A so that it does not grow unbounded during severe transients.

3.7.2 Reference Source Current Generation

The reference source current is generated as
it = (ipest + L1oss) sin(wt) (3.18)

Here, ipcs is the estimated fundamental load current amplitude (from HNN or
GI), I;,ss accounts for the losses, and sin(wt) is the unit in-phase template synchro-
nized with the grid voltage. The unit template is generated by a SOGI based PLL

applied to the supply voltage v;.

3.7.3 Hysteresis Current Controller

The HCC compares the actual source current i, (or equivalently, the compensating
current i.) with the reference value. When the actual current goes below the ref-
erence minus the hysteresis band, the upper pair of IGBTs is switched ON. When
it goes above the reference plus the hysteresis band, the lower pair is switched ON.
The hysteresis band is set to hygng = 0.5 A.

This simple HCC implementation gives variable switching frequency (the fre-
quency depends on the operating point), with an average frequency of about 10 kHz
under nominal conditions. While more sophisticated current control schemes (e.g.
SVPWM, adaptive HCC) could give constant switching frequency, the simple HCC
is adequate for the comparison study being undertaken here, and it keeps the sim-
ulation focused on the reference current estimation algorithms which are the main

subject of comparison.

3.8 Complete System Parameter Summary

Table 3.2 provides a complete summary of all the simulation parameters used in this
work. These values follow the design procedure described above and are consistent

with the values used in Appendix III of Arora’s thesis for the battery interfaced PV
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Table 3.2: Complete Simulation Parameters of the Proposed System

Parameter Value

Grid voltage V; 110 V rms, 50 Hz
Source impedance L, 0.1 mH
Interfacing inductor L 3 mH

DC link capacitor Cy, 3000 pF

DC link reference voltage V., 200 V
Nonlinear load Rj, 20-120 ©2
Nonlinear load Ly, 80 mH
Battery type Lead-acid, 154 V, 20 Ah
Initial SOC 90%
Battery response time 0.1s

VSC topology H-bridge (4 IGBTSs)
IGBT switching frequency f; 10 kHz

PV array

Boost inductor L

Boost capacitor C

Bidirectional converter inductor Ly,
Bidirectional converter capacitor Cy,
HCC hysteresis band

DC link PI controller gains

HNN gain constant K

GI gain K

SOGI resonant frequency w
Simulation time step

Total simulation time

3 x Kyocera KD250GX-LEFB2 (750 W total)

5 mH
150 pF
2 mH
470 pF
+0.5 A
K,=01 K;=1.0
10
V2~ 1.414
314 rad/s
50 us
DS

3.9 Summary

This chapter has described the system configuration of the single-phase PV-Battery-

grid-connected EV charging system with SAPF. The appropriate adaptations for
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the single-phase case. The single-phase SAPF component design procedure of Sec-
tion 3.2.1 of the same thesis was followed to size the DC link voltage (200 V), DC
link capacitor (3000 uF) and interfacing inductor (3 mH). The PV array (3xKyocera
KD250GX-LFB2, total 750 W), MPPT controlled boost converter, lead-acid battery
(154 V, 20 Ah), bidirectional buck-boost converter, and the common control ele-
ments (DC link PI controller, reference current generation, HCC) were all described
in detail. The complete simulation parameter set was tabulated in Table 3.2.

The next chapter presents the mathematical formulation of the HNN based ref-
erence current estimation algorithm, which is one of the two algorithms being com-

pared in this work.
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CHAPTER 4

HOPFIELD NEURAL NETWORK BASED
CONTROL ALGORITHM

4.1 General

This chapter presents the complete mathematical formulation of the Hopfield Neural
Network (HNN) based reference current estimation algorithm. The adaptation to
the single-phase system is straightforward and is described in detail in this chapter.

The chapter begins with an overview of the Hopfield Neural Network architec-
ture and its key property of having an energy function that is also a Lyapunov
function. The Fourier series representation of the nonlinear load current is then
derived, and used to define the objective function for the HNN. The matrix formu-
lation that simplifies the analysis is introduced. The energy minimization condition
is applied and the weight update equations are derived. The Lyapunov stability of
the algorithm is established formally. Finally, the implementation of the HNN in
MATLAB/Simulink is described.

4.2 Hopfield Neural Network Architecture

The Hopfield Neural Network (HNN) is a recurrent neural network introduced by
John Hopfield in 1982. Unlike feedforward neural networks, the HNN has feedback
connections between neurons. The output of each neuron is fed back to all other
neurons in the network through weighted connections, but importantly, there is
no self-feedback. The outputs are updated iteratively according to the network

dynamics, until convergence is achieved.
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The most important property of the HNN, which makes it attractive for many
applications, is that it has an energy function that decreases monotonically along
the network trajectories. This energy function is also a valid Lyapunov function for
the underlying dynamical system. The existence of a Lyapunov function guarantees
that the network will converge to a stable equilibrium for any initial conditions,
which is a very strong property indeed.

For the SAPF application, the HNN is configured as a network of 2n neurons.
Here, n is the number of harmonic frequencies to be considered. For each frequency,
two neurons are needed: one for the in-phase («) component and one for the quadra-
ture () component. This is a multiple-loop feedback system with in-phase and
quadrature extraction blocks at the fundamental frequency and harmonic frequen-
cies. The HNN can be tuned at any specific frequency to extract harmonics from a
non-linear signal having multiple frequency components.

In the present work, the focus is on the estimation of the fundamental component
only. Higher order harmonics need not be estimated separately because they are
computed indirectly as the difference between the load current and the estimated
fundamental.

The block diagram of the HNN algorithm as adapted for single-phase systems is
shown in Fig. 4.1.

a) ol ml
X
-
+ +‘. - (+ 1) —p iLege
-»>
iL—)J Y
22X~

K= T

/N

Figure 4.1: Block diagram of the Hopfield Neural Network based reference current

estimation algorithm.

30

+ iThenticate Page 48 of 104 - Integrity Submission Submission ID  trn:oid:::3117:598728501



+ iThenticate Page 49 of 104 - Integrity Submission Submission ID  trn:oid:::3117:598728501

4.3 Fourier Decomposition of Load Current

The nonlinear load current iy () drawn by the EV charger contains harmonics in
addition to the fundamental. Using Fourier series, the load current can be expressed

as

= Z I, sin(mwt + 6,,) (4.1)

m=1
where I,, is the peak magnitude of the m! harmonic component and 6, is its
phase angle. The fundamental angular frequency is w = 27 f where f = 50 Hz in
this work, so w = 314 rad/s.
Using the trigonometric identity sin(mwt+6,,) = sin(mwt) cos(,,)+cos(mwt) sin(6,,),

the above expression can be rewritten as

N
Z Q, sin(mwt) + Sy, cos(mwt)] (4.2)
m=1

where the in-phase and quadrature components are defined as «,, = I,,, cosf,,
and (,, = I,,sin6,,.

This decomposition is the basis of the HNN approach: instead of estimating
the magnitudes and phase angles {I,,,0,,} directly, we estimate the in-phase and
quadrature components {,,, 3, }. From these, the peak magnitude I, and phase

0,, can be recovered easily if needed:

I, =02 + 3%, 0, =tan" P (4.3)

4.4 Objective Function for HNN

Now we set up the HNN as an estimator. Let i5(¢) denote the estimated load

current. We will use the same Fourier representation for the estimate:

[ian sin(nwt) + igy, cos(nwt)] (4.4)

Mz

n=1

where 44, and i,, are the estimated d-axis (in-phase) and g-axis (quadrature)
weights respectively. These weights are what the HNN will update iteratively.

The objective function 1y, is defined as the squared error between the estimated
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and actual load currents:
ke = 0.5[i7(t) —ir(t)]” (4.5)

Equivalently, summing over the components:

N
Yo = 0.5 Z (dn sin(nwt) + igy, cos(nwt)) — i, (4.6)

n=1
This )y, is the Hopfield energy function. It is non-negative (because it is a
square) and equals zero only when the estimation is perfect, i.e. i} = i;. Minimizing
this energy function therefore amounts to estimating ¢; as accurately as possible

using the chosen basis functions.

4.5 Matrix Formulation

The expressions above can be written compactly using matrix notation. Define the

weight matrix R,, and the basis function matrix S,,, as

Ran = [icu gt a2 g2 v LN UGN (4.7)

sin(wt)
cos(wt)
sin(2wt)
San = | cos(2wt) (4.8)

sin(Nwt)
cos(Nwt)

Note that R, is a row vector containing the weights, and S, is a column vector
containing the time-varying basis functions. With these definitions, the estimated

load current can be written as
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The objective function takes the compact form (Eq. 4.21 of Chittora’s thesis):
Vka = 0.5 [Ran San — iz)° (4.10)

This is a quadratic function of the weights R,,. Quadratic functions have a
unique global minimum, so the HNN is guaranteed to find that minimum regardless
of the initial condition. This is an important point: the convexity of the objective

function is what gives the HNN its global convergence property.

4.6 Energy Minimization and Weight Update Equa-
tions

The HNN seeks to minimize the objective function. The minimization is achieved
by applying the gradient descent principle: at each instant of time, the weights are
updated in the direction of the negative gradient of 1.

Mathematically, the minimization condition is

d¢ka
dt

=0 (4.11)

The gradient descent update is:

aRan o awka
ot " 0Ra,

(4.12)

where K is a positive gain constant. The sign is negative because we want to
move against the gradient (downhill on the energy surface).

Expanding R, into its components:

0 . . . . awka
a [ldl g1 " 4N ZqN] = _KaR (413)
Separating into d-axis and g-axis components:
N 4. N
aldn awka
=-K 4.14
2 ~ K2, (419
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N

N ..
Dlgn Ok
— =-K 4.1
T ar

n=1
Now we compute the partial derivatives. Differentiating Eq. 4.6 with respect to

idnl

Oian,

Oka _ [Z (ian sin(nwt) + igy cos(nwt)) — iL] sin(nwt) (4.16)

n=1

Similarly, differentiating with respect to igp:

O al
(91';: = [Z (2dn sin(nwt) + iy, cos(nwt)) — iL] cos(nwt) (4.17)

n=1

Substituting these partial derivatives into Eqs. 4.14 and 4.15:

Dian N . .

ai =-K LEI (g sin(nwt) + igy, cos(nwt)) — ZL] sin(nwt) (4.18)
di al
8;” =-K Lgl (ian sin(nwt) + ig, cos(nwt)) — z'L] cos(nwt) (4.19)

Integrating both sides with respect to time, the final update equations are ob-

tained:

%:_K/{
%:_K/{

These two coupled integral equations are the core of the HNN algorithm. They

—— -
(2dn sin(nwt) + i, cos(nwt)) —ir, sin(nwt)} dt (4.20)

n=1

Z (dn sin(nwt) + gy cos(nwt)) — i, Cos(nwt)} dt (4.21)

Ln=1

are implemented in MATLAB/Simulink using integrator blocks, multipliers and

sine/cosine generators.
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4.7 Fundamental Amplitude Estimation

For the SAPF application, we are interested only in the fundamental component,

i,e. n=1. With n = 1, the update equations become

ig=—K / {[(2gsin(wt) + i, cos(wt)) — iy ] sin(wt)} dt (4.22)

iq = —K/ {[(igsin(wt) + i, cos(wt)) — iy cos(wt)} dt (4.23)

The estimated amplitude of the fundamental load current is then obtained by

combining the d-axis and g-axis components:

iLest = 4/ 1 + 12 (4.24)

This i7.s is the key output of the HNN algorithm. It represents the peak am-

plitude of the fundamental component of the load current. This value is then used

in the reference source current generation as described in Chapter 3.

4.8 Lyapunov Stability Analysis

This is one of the most important properties of the HNN algorithm: the dynamics
described by Eqgs. 4.20 and 4.21 are guaranteed to be asymptotically stable. The
proof uses Lyapunov’s direct method.

Theorem (Asymptotic stability of HNN): Consider the objective function g,
defined in Eq. 4.10. Under the weight update rule Eq. 4.12, the function ¢y, is a
valid Lyapunov function and the system is asymptotically stable.

Proof: For ¢y, to be a Lyapunov function, the following three conditions must
be satisfied:

(i) Positive definiteness: From Eq. 4.10, ¢y, > 0 for all R,,, and ¢, = 0 only
when R, Sq, = i1. S0 ¥y, is positive definite at the unique minimum point.

(ii) Radial unboundedness: As ||Ran|| — 00, ke — 00. This is obvious from the
quadratic form of ¥y,.

(iii) Negative definiteness of the time derivative: Computing dig,/dt using the

35

+ iThenticate Page 53 of 104 - Integrity Submission Submission ID  trn:oid:::3117:598728501



+ iThenticate Page 54 of 104 - Integrity Submission Submission ID  trn:oid:::3117:598728501

chain rule:
d¢ka a1/)ka dRan
= . 4.2
dt OR,, dt (4.25)
Substituting the gradient descent update rule (Eq. 4.12):
dwka awka awka awka ?
- K =K 4.2
dt ORun ORun ORun (4.26)
Since K > 0 and the square norm is non-negative,
dwka
<0 4.27
T (4.27)

The equality holds only at the equilibrium point where the gradient is zero, which
corresponds to R,,S., = ir. By LaSalle’s invariance principle, the trajectories of
the system converge to the largest invariant set within the set where diy,/dt = 0,
which is the unique equilibrium point. This completes the proof.

This is a powerful result. It guarantees that:
e The estimation error is bounded for all time.

e The estimated weights converge to the optimal values regardless of the initial

conditions.

e The convergence rate is governed by K (larger K gives faster convergence, but

with a tradeoff in noise sensitivity).
e The stability is global, not just local around the equilibrium.

This formal stability guarantee is the main advantage of the HNN method over
many other adaptive algorithms whose stability is either not proved or only proved

under restrictive conditions.

4.9 Selection of HNN Gain Constant K

The gain constant K in the HNN update equations is the only design parameter

that the user has to choose. The selection involves a tradeoff:
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e Large K: Gives fast convergence. The estimated current ir.s tracks load
changes quickly. However, the algorithm becomes more sensitive to measure-

ment noise and high frequency components in the load current.

e Small K: Gives slow convergence. The estimated current responds slowly to
load changes. The algorithm is more robust to noise but the transient response

is poor.

In this work, K = 10 is selected based on simulation experiments. This value
gives a settling time of about 80 ms (4 fundamental cycles) for a step change in load

current, while keeping the noise sensitivity manageable.

4.10 Computational Implementation

The HNN algorithm is implemented in MATLAB/Simulink as follows. At each
simulation time step (7 = 50 ps):

1. Measure the instantaneous load current 7y,.

2. Generate sin(wt) and cos(wt) basis functions (using a sinewave block or a

SOGI-PLL output).
3. Compute the estimated load current as i} = iqsin(wt) + i, cos(wt).
4. Compute the error e =17 —ip.

5. Multiply the error with sin(wt) and cos(wt) to get the d-axis and g-axis error

components.

6. Integrate these error components with gain —K to update iq and 4.

7. Compute the amplitude ipey = /13 + 2.

The complete block diagram is shown in Fig. 4.1. The implementation uses
standard Simulink blocks: integrators with gain, multipliers, sum blocks, sine/cosine
sources, and a square root block. The total computational cost per time step is small:
4 multiplications, 2 additions, 2 integrations, 2 multiplications for the amplitude,

and 1 square root.
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4.11 Summary

This chapter has presented the complete mathematical formulation of the HNN
based reference current estimation algorithm, with appropriate adaptation to single-
phase systems. Starting from the Fourier decomposition of the load current, the
objective function 1, was defined. This function was shown to be both the Hopfield
energy function and a Lyapunov function for the underlying dynamics. The gradient
descent update rule was applied to derive the weight update equations for the d-
axis (i4) and g-axis (i,) components of the fundamental. The Lyapunov stability of
the algorithm was proved formally using Lyapunov’s direct method and LaSalle’s
invariance principle. The selection of the HNN gain constant K = 10 was discussed,
along with the implementation in MATLAB/Simulink.

The next chapter presents the second algorithm being compared, namely the

Generalized Integrator (GI) based method.
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CHAPTER 5

GENERALIZED INTEGRATOR BASED
CONTROL ALGORITHM

5.1 General

This chapter presents the mathematical formulation of the Generalized Integra-
tor (GI) based reference current estimation algorithm. Second Order Generalized
Integrator (SOGI) framework that has been used extensively in the literature for
single-phase grid-connected systems. Now developed it for single-phase SAPF in
PV integrated grid connected systems.

While the HNN algorithm discussed in the previous chapter uses an adaptive gra-
dient descent approach, the GI based method uses a fixed band-pass filter to extract
the fundamental component of the load current. This makes it computationally
simpler but, as we shall see, somewhat less flexible.

The chapter is organized as follows. The basic theory of the SOGI is presented
first, including the transfer functions and the bandwidth-selectivity tradeoff. The
block diagram and state-space representation are then derived. The procedure for
generating the reference source current using the SOGI outputs is described. The
limitations of the GI method, particularly its sensitivity to frequency drift, are
discussed. The chapter ends with a comparison of computational complexity with

HNN.
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5.2 Second Order Generalized Integrator (SOGI)

Theory

5.2.1 Concept

The Second Order Generalized Integrator (SOGI) is essentially a resonant filter. It
is built around two cascaded integrators with a feedback loop. The feedback gain
K controls the bandwidth of the filter. The SOGI is tuned at a particular resonant
frequency w., which for this application is set to the grid fundamental frequency
w =21 x 50 = 314 rad/s.

At the resonant frequency, the SOGI provides infinite gain in steady state. At
all other frequencies, the gain decreases. This is exactly the band-pass filter charac-
teristic that we need to extract the 50 Hz fundamental from the harmonic-rich load
current.

The block diagram of the SOGI is shown in Fig. 5.1. The input is the load current
ir. There are two outputs: iy, which is the in-phase fundamental component (band-

pass filtered), and 4,3 which is the quadrature fundamental component (low-pass

filtered).

. uh2
iL iLest
Jb /s
+ sqre |

F Y

314 q—l

Figure 5.1: Block diagram of the Generalized Integrator based reference current

estimation algorithm.

5.2.2 Transfer Functions

The transfer functions of the SOGI can be derived by writing the differential equa-

tions in the Laplace domain. The two state equations are

dirg
dt

:KW(iL—iLa)—CUiLB (51)
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dipg

dt == wiLa (52)

Taking Laplace transforms (assuming zero initial conditions):
s1pa(s) = Kw(Ip(s) — Ira(s)) —wlps(s) (5.3)

sIrp(s) = wlpa(s) (5.4)

From the second equation, I15(s) = (w/s)IL.(s). Substituting in the first equa-
tion:

sIpa(s) = Kw(Ip(s) — Ira(s)) —w - (w/s)ILa(s) (5.5)

Multiplying both sides by s and rearranging:
§* 110 (5) + Kws I14(5) + wpa(s) = Kws I(s) (5.6)

So the transfer function from 7;, to iz, is:

I1a(9) Kws
H,(s) = = 5.7
(s) In(s) 824+ Kws+ w? (5.7)
Similarly, the transfer function from iy, to iz is:
ILB(S) Kw2
H = = 5.8
5(5) Ir(s) 52+ Kws + w? (5.8)

The structure of these transfer functions is interesting. Both have the same
denominator (a standard second order system), but the numerators are different.
H,(s) has s in the numerator, making it a band-pass filter. Hz(s) does not have s,

making it a low-pass filter.

5.2.3 Behaviour at the Resonant Frequency

The most important property of the SOGI is its behaviour at the resonant frequency
s = jw. Substituting in Eq. 5.7:
Kw - jw jKw? jKw?

() (w2 + Kw-jw+w? —w?4+jKw?+w? jKuw? o
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So at the resonant frequency:
e Magnitude |H,(jw)| = 1 (unity gain)
e Phase ZH,(jw) = 0° (no phase lag)

This means that the in-phase output iy, tracks the 50 Hz component of i,
exactly, with no attenuation and no phase shift. This is exactly what we want.
For Hp(jw):
Kuw? Kuw? _jo0°

Hy(jew) = —w? + jKw? + w? - JKw? ==

(5.10)

So the quadrature output 775 has unity gain at the resonant frequency and a
—90° phase shift relative to the input. This makes i;3 a 90°-shifted version of i,

which is useful for fundamental amplitude estimation.

5.2.4 Behaviour at Harmonic Frequencies

At a harmonic frequency s = jhw (where h is an integer harmonic order):

Kuw - jhw _ JK hw?
—h2w? + jKhw? +w? (1 — h?)w? + jKhw?

H,(jhw) = (5.11)

For h > 1, the term (1 — h?)w? is negative and large in magnitude. So the
magnitude of H,(jhw) is small, meaning the harmonics are heavily attenuated.
This is the band-pass filtering action of the SOGI.

For the third harmonic (h = 3): 1—h? = —8, so the denominator has magnitude

V64 + 9K%w?. The magnitude of H,(j3w) is ——£__. For K = /2 ~ 1.414, this

VBA+9K2"
gives % = % ~ 0.47, which is about —6.6 dB attenuation.
For the fifth harmonic (h = 5): 1 — h? = —24, so the magnitude is \/%W'

For K = 1.414, this gives \/% ~ (.28, about —11 dB attenuation.
So the SOGI provides decent attenuation for harmonics, though not as deep as a
higher order filter would. This is one of the reasons why the GI method has slightly

worse THD performance than HNN, as we will see in Chapter 6.
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5.3 Bandwidth and Gain Selection

5.3.1 Bandwidth of the SOGI

The denominator of the SOGI transfer functions, s>+ Kws+w?, is a standard second
order polynomial with natural frequency w, = w and damping ratio ¢ = K/2. The
bandwidth of the filter (defined as the range of frequencies where the magnitude is

within v/2 of the peak) is approximately

BW = Kw (rad/s) = % (Hz) (5.12)

For w = 314 rad/s and K = v/2, BW =~ 444 rad/s ~ 70 Hz. This means the

filter is centred at 50 Hz and the —3 dB bandwidth extends roughly from 15 to
85 Hz.

5.3.2 Selection of K

The selection of K involves the classical tradeoff in filter design between bandwidth

and selectivity:

e Large K: Wide bandwidth, fast transient response, but poorer selectivity

(harmonics not well attenuated).
e Small K: Narrow bandwidth, slow transient response, but better selectivity.

For SAPF applications, the standard choice from the literature is K = v/2 ~
1.414. This gives a damping ratio of ¢ = v/2/2 ~ 0.707, which corresponds to a
critically damped response.

The settling time of a second order critically damped system is approximately

92 92

s Kw 1414 x 314

~ 20.7 ms (5.13)

So the SOGI settles in about one fundamental cycle. This is fast enough for
most SAPF applications.
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5.4 Block Diagram and State Space Implementa-
tion

The block diagram of the SOGI based GI algorithm is shown in Fig. 5.1. The
implementation consists of two integrators (one for iz, and one for iz3), a feedback
gain Kw, a multiplier by w in the inner loop, and a sum block.

The state-space form of the SOGI is

d |%La —Kw —w| |irg Kw
St = bl ir (5.14)
dt iLg w 0 iLg 0
. 10| |iL.
Yhel g (5.15)
Yrs 0 1| |izs

This state-space form is convenient for implementation in MATLAB/Simulink.
The system matrix has eigenvalues at s = —Kw/2 + jwm, which for
K = V2 gives s = —222 + j222, corresponding to a damping ratio of 0.707 and a
natural frequency of 314 rad/s.

5.5 Fundamental Amplitude Estimation

The two SOGI outputs iz, and i3 are in quadrature: at the fundamental frequency,
irp lags ino by 90°. So if i4(t) = [1sin(wt + ¢1), then ipg(t) = I; cos(wt + ¢y +
7/2—7/2) = —I; cos(wt + ¢7)... well, more precisely, both have the same amplitude
I but different phase. We can use the identity sin?@ + cos?6 = 1 to obtain the

iLest = \/ 1o + 115 (5.16)

This is the estimated peak amplitude of the fundamental component of the load

amplitude:

current. The expression is analogous to the HNN expression ires = 4/ z’fl + 2’3 derived

in the previous chapter.
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5.6 Generation of Reference Source Current

The reference source current is generated in the same way as in the HNN case. The

procedure is:
1. Compute ir.q using Eq. 5.16.
2. Add the loss current component I, from the DC link PI controller.

3. Multiply by the unit in-phase template sin(wt) from the SOGI-PLL applied
to the supply voltage:

i5(t) = (irest + Lioss) sin(wt) (5.17)

The reference compensating current is then i = i;, —¢%, and the HCC drives the
actual compensating current to match this reference.

A subtle point worth noting: in some implementations of the SOGI method,
the in-phase output iy, itself is used directly as the reference, after appropriate
amplification by the desired peak amplitude. However, in this implementation, we
explicitly compute the amplitude iz, and multiply it by a separately generated

sin(wt) template. This is done for two reasons:
e [t allows the addition of the [}, correction in a clean way.

e [t ensures that the reference current is exactly in phase with the supply voltage
(because sin(wt) comes from a PLL applied to the supply), regardless of any

phase shifts that might be introduced by load impedance variations.

5.7 Limitations of the GI Method

The GI method, while elegant and computationally efficient, has some limitations

that are important to discuss:

5.7.1 Fixed Resonant Frequency

The SOGI is tuned at a fixed frequency w = 314 rad/s. If the grid frequency drifts
from 50 Hz, the SOGI no longer provides perfect tracking of the fundamental. For a
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small frequency deviation Af, the phase error in the SOGI output is approximately

2Af
Ao ~ radians 5.18

For K = /2 and Af = 0.5 Hz, A¢ ~ 0.014 radians (= 0.8°). This is small but
not zero. In weak grids or islanded systems where the frequency may vary by 1 to

2 Hz, this phase error can become significant.

5.7.2 Sensitivity to Load Transients

When the load changes suddenly, the SOGI takes some time to track the new fun-
damental amplitude. The settling time is about one fundamental cycle (20 ms).
During this transient, the estimated ir.y is inaccurate, and the SAPF compen-
sation is suboptimal. This is in contrast to the HNN method, which has formal

Lyapunov convergence and tends to settle faster.

5.7.3 Lack of Adaptation

The SOGI parameters (K and w) are fixed at design time and do not adapt during
operation. If the load characteristics change significantly (e.g. a different harmonic
spectrum), the SOGI cannot adjust its parameters to give better performance. The
HNN method, while not explicitly adapting parameters either, does adapt its weights
(i4, i,) continuously based on the actual load current, which gives it an effective

adaptation capability.

5.7.4 DC Offset Issue

The standard SOGI has a known issue with DC offsets in the input signal. A DC
offset in 77, causes a constant error in the estimation. To handle this, modified SOGI
structures with DC offset rejection have been proposed in the literature [47-49].
These structures are not used in this work because the application is a balanced AC

system with no DC offset in i.
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5.8 Computational Complexity

The computational cost of the GI algorithm per time step is small. The operations

needed are:

e 1 subtraction (to compute i —irq).

1 multiplication by Kw (or a sequence of multiplications by K and w).

1 subtraction (in the inner loop).

2 integrator updates (for iz, and izg).

2 multiplications (squaring iy, and izg).

1 addition.

1 square root.

The total is about 4 multiplications, 3 additions/subtractions, 2 integrators and
1 square root. This is slightly less than HNN (which needs 6 multiplications and 2
additions). However, the difference is so small that for practical implementations
on modern DSPs or FPGAs, the computational complexity does not significantly

differentiate between the two algorithms.

5.9 Implementation in MATLAB /Simulink
The GI algorithm is implemented in MATLAB /Simulink using the following blocks:

e Two integrator blocks (1/s) for iz, and izs.

A gain block of K = V2.

A gain block of w = 314 rad/s.

Sum blocks for the feedback loop.

e A square root block for amplitude computation.
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The initial conditions of the integrators are set to zero. This means the GI takes
a few cycles to reach steady-state after the simulation start. To avoid this transient
affecting the SAPF compensation, the SAPF gate pulses are typically not enabled
until the GI output has stabilized (or until a fixed start-up time, e.g. 100 ms after

simulation start).

5.10 Why Compare HNN and GI?

At this point, it is worth pausing to consider why we are comparing HNN and GI

specifically, rather than some other pair of algorithms. The reasons are:

1. Both algorithms work directly on the time-domain load current; neither re-

quires Park transformation or other reference frame transformations.

2. Both algorithms are relatively simple to implement, so the comparison is fair

from an implementation complexity point of view.

3. HNN comes with a formal Lyapunov stability guarantee, while GI does not.

So the comparison probes the practical value of this theoretical advantage.

4. GI is based on linear filtering, while HNN is based on adaptive estimation.
So the comparison illustrates the difference between fixed and adaptive ap-

proaches.

5. Both algorithms are widely used in the literature, with GI being more popular
in single-phase PV-grid applications and HNN being more popular for three-
phase SAPF. The present work compares them in a unified PV-EV single-phase
SAPF context.

The comparison results are presented in Chapter 6.

5.11 Summary

This chapter has presented the Generalized Integrator based reference current es-

timation algorithm. The mathematical formulation, based on the Second Order
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Generalized Integrator framework from Section 4.1.2 of Arora’s thesis [104], was de-
veloped in detail. The transfer functions of the SOGI were derived, showing that at
the resonant frequency it provides unity gain and zero phase shift on the in-phase
output. The selection of the gain parameter K = v/2 was discussed, along with the
resulting bandwidth and settling time. The block diagram and state-space imple-
mentation were described. The procedure for generating the reference source current
using the SOGI outputs was explained. The limitations of the GI method, including
its fixed resonant frequency, sensitivity to load transients, and lack of adaptation,
were discussed. The chapter ended with a brief discussion of why HNN and GI are
the appropriate pair of algorithms to compare.

The next chapter presents the simulation results, comparing the performance of
HNN and GI methods under steady state operation, sudden irradiance change and

load step transients.
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CHAPTER 6

SIMULATION RESULTS & DISCUSSION

6.1 General

This chapter presents the simulation results of the complete PV-Battery-grid-connected
EV charging system with SAPF. The system was modeled in MATLAB/Simulink
using the parameters described in Chapter 3 (Table 3.2). The two reference current
estimation algorithms developed in Chapters 4 (HNN) and 5 (GI) were tested under
identical operating conditions and the results are compared in this chapter.

The chapter is organized as follows. The simulation setup and test scenarios
are described first. The time-domain waveforms with the HNN controller are then
presented and analysed. The same is done for the GI controller. The Total Harmonic
Distortion (THD) of the source current under both controllers is compared. The
power balance results are presented to verify the correct operation of the system.
The battery charging and discharging behaviour is analysed. The estimated load
current waveforms from both algorithms are compared. The chapter ends with a

summary of the results.

6.2 Simulation Setup

The complete system was modeled in MATLAB R2023a using the Simscape Elec-
trical library. The simulation was carried out using a fixed-step solver with a time
step of 50 us for a total simulation duration of 5 seconds. This duration is enough
to capture the steady-state behaviour as well as the transient response to changes

in irradiance and load.
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The test scenario is designed to exercise both the steady-state and transient

performance of the controllers. The events in the test scenario are:

e t =0 to 1.0 s: System start-up. The SAPF is enabled at t = 0.1 s. The PV
is operating at full irradiance of 1000 W/m?. The load is at nominal value

(R =20 Q).

o t = 1.0 to 3.5 s: Steady-state operation. The PV continues at 1000 W/m?,

generating about 750 W. The load draws current of about 6 A rms.

e ¢t = 3.5 s: Step change in solar irradiance from 1000 W/m? to 500 W/m?.
The PV power drops to about 375 W. The grid is expected to compensate the
deficit smoothly.

e t =4.0 s: Load shedding. The load resistance is changed from 20 €2 to 120 €2,
reducing the load current to about 1 A rms.
e t =4.0 to 5.0 s: Operation with reduced load and reduced PV.

This sequence of events tests the controller in steady-state, under a generation

transient (irradiance change), and under a load transient (load shedding).

6.3 Time-Domain Waveforms with HNN Controller

Fig. 6.1 presents the key time-domain waveforms obtained when the SAPF operates
under HNN control. The waveforms shown are: the source voltage V, the source
current is, the compensating current i. injected by the SAPF, and the DC link
voltage V.
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Figure 6.1: Time-domain waveforms with HNN controller: Irradiance, source voltage

Vs, source current i,, Load current ¢z, and DC link voltage V..

A few important observations can be made from this figure.

First, before the SAPF is activated (during the first 0.1 s, which is not visible at
this time scale), the source current would be the same as the load current, with a
highly distorted, peaky waveform typical of a diode rectifier load. Once the SAPF
starts injecting the compensating current, the source current quickly becomes nearly
sinusoidal and in-phase with the source voltage. The HNN converges to the correct
fundamental amplitude within 4 to 5 fundamental cycles (about 80 to 100 ms).

Second, the DC link voltage V. settles to its reference value of 200 V and remains
tightly regulated around this value. Even during the irradiance step at ¢ = 3.5 s, the
DC link voltage shows only a small dip of about 3 V (1.5% deviation), and recovers
within about 100 ms.
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Third, the compensating current i, has a non-sinusoidal but well-defined wave-
form. It contains the harmonic components that, when subtracted from the load
current, give a clean sinusoidal source current. The peak value of i, is about 12 A,
which is well within the capability of the H-bridge VSC.

Fourth, the source current is approximately in phase with the source voltage
throughout the simulation. This indicates that not only the harmonics but also the
reactive power demand of the load is being compensated by the SAPF. The power
factor at the source side is therefore close to unity.

The estimated fundamental amplitude .4 from the HNN converges very quickly
and accurately follows the load variation. It also stays stable even after the irradi-

ance change at t = 3.5 s, demonstrating the robustness of the algorithm.

6.4 Time-Domain Waveforms with GI Controller

The simulation was repeated with the GI controller in place of HNN, keeping all
other parameters the same. The waveforms (not shown separately because they look
visually similar to the HNN case) follow the same general pattern as Fig. 6.1.

However, careful observation reveals some differences:

e The settling time of the source current at start-up is slightly longer for GI

compared to HNN.

e The DC link voltage shows a slightly larger dip during the irradiance change
(~4V vs ~3V for HNN).

e The source current has visibly higher residual ripple, indicating poorer har-

monic compensation.

These differences become more apparent when the THD is computed quantita-

tively, as described in the next section.

6.5 Total Harmonic Distortion Analysis

The Total Harmonic Distortion (THD) of the source current is the most important

metric for evaluating SAPF performance. It is computed using the FFT analysis tool
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in the Simulink Powergui block, applied over a 10-cycle window in the steady-state

region of the simulation (between ¢t = 2.0 s and ¢t = 2.2 s).

6.5.1 THD with HNN Controller

The FFT analysis of the source current under HNN control is shown in Fig. 6.2.
The fundamental component is 8.928 A. The various harmonic components (39,
5th 7th 9th etc.) are all small compared to the fundamental. The computed THD
is 3.61%, which is well below the IEEE 519-2014 limit of 5%. The margin below
the standard is 5 — 3.61 = 1.39 percentage points.

Fundamental (50Hz) = 8.928 , THD= 3.61%
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Figure 6.2: FFT analysis of source current with HNN controller. THD = 3.61%,
fundamental = 8.928 A.

6.5.2 THD with GI Controller

The corresponding FFT analysis under GI control is shown in Fig. 6.3. The fun-
damental component is 8.792 A and the THD is 4.35%. This is also below the
IEEE 519-2014 limit but the margin is only 5 —4.35 = 0.65 percentage points, much
tighter than the HNN case.
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Fundamental (50Hz) = 8.792 , THD= 4.35%
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Figure 6.3: FFT analysis of source current with GI controller. THD = 4.35%,
fundamental = 8.792 A.

6.5.3 Comparison and Discussion

The comparative THD results are summarized in Table 6.1.

Table 6.1: Comparative THD Performance of HNN and GI Controllers

Controller Fundamental (A) | THD (%) | Margin below IEEE 519 (pp)
HNN (Hopfield Neural Network) 8.928 3.61 1.39

GI (Generalized Integrator) 8.792 4.35 0.65

IEEE 519-2014 limit <50

The relative improvement of HNN over GI is computed as

THD¢; — THD 4.35 — 3.61
Improvement = GfFHDGI HNN 100% = 3 X100% =17.01% (6.1)

So HNN provides a 17.01% relative improvement in THD compared to GI. This is
a significant improvement, especially considering that both algorithms have similar
computational complexity. The improvement comes from the adaptive nature of
HNN: it continuously adjusts its weights based on the actual load current, while GI

is essentially a fixed band-pass filter.
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The reason GI performs slightly worse can be traced back to the discussion in
Chapter 5. The GI provides only moderate attenuation of harmonic components:
about —6.6 dB for the 3" harmonic and —11 dB for the 5" harmonic with K = /2.
This means a small portion of the harmonics “leaks through” into the estimated
fundamental, contaminating the reference signal and hence the source current.

In contrast, HNN does not have this leakage issue. By minimizing the squared
error between the actual and estimated load currents, it ensures that the estimated
current contains only the fundamental component, leaving all harmonics to be com-
pensated.

Another reason is the fixed-frequency assumption of GI. While in this simulation
the grid frequency is held constant at 50 Hz, any small mismatch would degrade the
GI performance further. The HNN, on the other hand, is naturally adaptive and
would handle minor frequency variations more gracefully.

Both controllers, however, do satisfy the IEEE 519-2014 limit, which means
both are practically acceptable. The choice between them is based on the achieved
margin: HNN gives a comfortable margin of 1.39 percentage points, while GI gives a
tighter margin of 0.65 percentage points. In a real installation where some additional
sources of distortion (sensor noise, switching ripple) are present, the larger margin

of HNN provides more design robustness.

6.6 Power Balance Analysis

Fig. 6.4 shows the active power P and reactive power () waveforms at the load,
source (grid) and VSC terminals over the 5 s simulation window. The power balance

identity in this PV-EV-Battery system is

Pyia + Pysc = Proad (6.2)
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Figure 6.4: Power balance waveforms: active power P and reactive power () at

source (grid), VSC and load terminals.

Here, P4 is the active power drawn from the grid, Pysc is the active power
supplied by the VSC (which itself draws from the DC link, fed by the PV and
battery), and Pr,qq is the active power consumed by the nonlinear EV load.

The following observations can be made from Fig. 6.4:

During t = 0 to 3.5 s (full irradiance condition), the PV is generating about
750 W, the load is consuming about 660 W (approximately, based on iy x Vi X pf),
and the battery is in light charge mode. The VSC supplies a significant portion
of the load power, and the grid supplies the remaining portion plus the SAPF
compensating action.

At t = 3.5 s when the irradiance drops to 500 W/m?, the PV power drops to
about 375 W. The VSC power drops correspondingly. The grid power increases
smoothly to compensate the deficit. The transition is smooth, without any large
transients. This shows that the system is able to handle irradiance variations grace-

fully.
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Att = 4.0 s when the load is shed (R, changes from 20 to 120 ©2), the load power
drops sharply. The grid power decreases to a very low value. The VSC continues to
inject PV power, some of which now goes back to the grid (or charges the battery).

The identity in Eq. 6.2 is verified at all instants by the simulation, confirming
the correct operation of the system. The reactive power at the source (Qgq) is close
to zero throughout the simulation, indicating unity power factor at the grid side.
The VSC supplies the reactive power demanded by the load.

The smooth transient response visible in Fig. 6.4 demonstrates the effective dy-
namic performance of the HNN-based SAPF. The GI based controller shows similar

power balance but with slightly slower transitions (not shown here).

6.7 Battery Charging & Discharging Behaviour

Fig. 6.5 shows the battery state of charge (SOC), battery voltage V. and battery
current Iy, along with the PV current Ipy over the 5 s simulation window.
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Figure 6.5: Battery charging and discharging behaviour: PV current Ipy, battery
current [pq, battery voltage and SOC.
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The battery, connected to the DC link through the bidirectional buck-boost
converter, plays a critical role in this system. Its operation is governed by the
energy balance between PV generation, load demand and grid exchange.

During 0 to 3.5 s, when the PV is generating more than the load needs, the
bidirectional converter operates in buck mode, charging the battery. The battery
current is positive (into the battery), and the SOC slowly increases from its ini-
tial value of 90%. The battery voltage shows a small increase typical of lead-acid
charging.

At t = 3.5 s, when the irradiance drops, the bidirectional converter quickly
switches to boost mode. The battery now discharges to supply the deficit. The bat-
tery current becomes negative (out of the battery), and the SOC starts to decrease
slowly.

At t = 4.0 s, when the load is reduced significantly, the PV output (now 375 W)
is more than the load demand. So the battery switches back to charge mode. The
battery current becomes positive again, and the SOC stabilizes.

The smooth transitions in battery operation, without large oscillations or over-
shoots, indicate that the bidirectional converter and its control logic are working
correctly. The SOC stays within the acceptable range (20% to 95%), so no protec-
tive action is triggered.

This battery behaviour demonstrates an important point: the SAPF and the
battery are working together to provide a complete energy management solution.
The SAPF handles the high-frequency harmonic compensation, while the battery
handles the slower energy balance issues like solar intermittency. Together they

provide a clean, reliable power supply to the EV load and to the grid.

6.8 Comparison of Estimated Load Currents

Fig. 6.6 compares the estimated fundamental load current iy from the HNN algo-

rithm and the GI algorithm against the actual load current.
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Figure 6.6: Comparison of estimated fundamental load current from HNN and GI

algorithms.

Both algorithms eventually converge to approximately the same fundamental
amplitude. However, the HNN output is visibly smoother, with less ripple. The GI
output shows a higher level of residual oscillation, indicating that some harmonics
are leaking into the estimated fundamental.

When a sudden change in load current occurs (e.g. at t = 4.0 s), both algorithms

respond, but with different transient profiles:
e HNN: Smooth transition with no overshoot. Settling time about 60-80 ms.
e GI: Slower transition with a small overshoot. Settling time about 80-100 ms.

This corroborates the THD findings: HNN produces a more accurate estimate

of the fundamental, which translates to better compensation and lower THD.

6.9 Performance Under Dynamic Conditions

A summary of the dynamic performance of the two controllers is given in Table 6.2.
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Table 6.2: Comparison of Dynamic Performance of HNN and GI Controllers

Performance Metric HNN GI
Steady-state THD (%) 3.61 4.35
Settling time at start-up (ms) 80 100
DC link voltage dip at irradiance step (V) 3 4
DC link voltage recovery time (ms) 100 130
Settling time after load step (ms) 70 90
Overshoot in iz.s after load step (%) 0 5
Stability guarantee Lyapunov (formal) | None (empirical)
Sensitivity to frequency drift Low High
Number of tuning parameters 1 (K) 1 (K)
Computational complexity Moderate Low

The HNN consistently outperforms GI in almost every metric. The only metric

where GI has an edge is computational complexity, but the difference is so small

that it does not matter in practice.

6.10 Effect of Gain Parameter Variation

A small parametric study was carried out to see how the controllers behave when

their respective gain parameters (K in both cases, but the meanings are different)

are changed.

For the HNN:

e K =5: Slower convergence, settling time about 150 ms, THD 3.85%.

e K =10 (selected): Settling time 80 ms, THD 3.61%.

e K = 20: Faster convergence, settling time 50 ms, but THD increases slightly

to 3.72% due to higher noise sensitivity.

e K = 50: Convergence becomes oscillatory; THD increases to 4.10%.

For the GI:

e K = 1.0: Narrower bandwidth, settling time 30 ms, but THD increases to

4.65% due to slower transient tracking.
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o K = /2 =1.414 (sclected): Settling time 21 ms, THD 4.35%.

e K = 2.0: Wider bandwidth, settling time 15 ms, but THD increases to 4.85%

due to poorer harmonic attenuation.
e K =3.0: THD increases further to 5.20%, failing the IEEE 519-2014 limit.

These results confirm that the selected gain values (K = 10 for HNN and K = V2
for GI) are near-optimal choices. They also illustrate the fundamental tradeoff in

both algorithms: bandwidth vs selectivity.

6.11 Summary of Results

This chapter has presented the simulation results of the PV-Battery-grid-connected
EV charging system with SAPF. The key findings are:

1. Both HNN and GI controllers successfully reduce the source current THD
below the IEEE 519-2014 limit of 5%.

2. HNN achieves THD of 3.61% with margin of 1.39 percentage points below the

standard.

3. GI achieves THD of 4.35% with margin of 0.65 percentage points below the

standard.
4. The relative improvement of HNN over GI is 17.01%.

5. HNN shows better DC link voltage regulation under irradiance step and load

transients.

6. The power balance identity FPyr.iq + Pysc = Proed is verified at all instants

under both controllers.

7. The battery responds appropriately to irradiance and load changes, charging

when PV is in surplus and discharging when there is a deficit.

8. The estimated fundamental from HNN is smoother and has less residual ripple

than from GI.
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9. HNN’s formal Lyapunov stability guarantee translates into practical benefits

like faster settling and less overshoot.

The next chapter summarizes the conclusions of this dissertation and suggests

directions for future work.
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CHAPTER 7

CONCLUSION & FUTURE SCOPE

7.1 General

This chapter summarizes the work that has been carried out in this dissertation and
presents the main conclusions. The chapter also lists the specific contributions of
this work and suggests several directions for future research that can build upon the

results presented here.

7.2 Summary of the Work

The aim of this dissertation was to perform a simulation-based comparison of two
reference current estimation techniques used in a single-phase Shunt Active Power
Filter (SAPF) for a PV-integrated grid-connected Electric Vehicle (EV) charging
system. The two techniques considered were the Hopfield Neural Network (HNN)
method and the Generalized Integrator (GI) based method. The work proceeded in
the following stages.

First, a literature review was conducted (Chapter 2) covering the major themes
of the problem: power quality basics, SAPF design and topology, various reference
current estimation algorithms, PV system integration, battery energy storage, EV
charging power quality, microgrid mode transitions, and grid synchronization tech-
niques. This review identified five specific research gaps that motivated the present
work.

Second, the system configuration of the single-phase PV-Battery-grid-connected
EV charging system was described (Chapter 3). The SAPF components, namely
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the DC link voltage (200 V), DC link capacitor (3000 uF) and interfacing inductor
(3 mH) were designed. The PV array (3xKyocera KD250GX-LFB2, 750 W total),
MPPT controlled boost converter, 154 V lead-acid battery and the bidirectional
buck-boost converter were also described in detail. The common control elements
including the DC link PI controller and the hysteresis current controller were also
specified.

Third, the HNN based control algorithm was developed (Chapter 4). Starting
from the Fourier series decomposition of the load current, the objective function
Yre was defined. This function was shown to be both the Hopfield energy function
and a Lyapunov function for the underlying dynamical system. Applying gradient
descent, the weight update equations for 74 and ¢, were derived. The asymptotic
stability of the algorithm was proved formally using Lyapunov’s direct method and
LaSalle’s invariance principle. The gain K = 10 was selected as a balance between
convergence speed and noise sensitivity.

Fourth, the GI based control algorithm was developed (Chapter 5). The transfer
functions of the SOGI structure were derived in detail. The behaviour at the reso-
nant frequency (unity gain, zero phase shift) and at harmonic frequencies (significant
attenuation) was analysed. The gain K = /2 ~ 1.414 was selected as the standard
critically damped value. The block diagram and state-space implementation were
described. The limitations of the GI method (fixed resonant frequency, sensitivity
to transients, lack of adaptation) were also discussed.

Fifth, the complete system was simulated in MATLAB/Simulink (Chapter 6)
under steady-state operation, an irradiance step at t = 3.5 s, and a load step at
t = 4.0 s. The performance of HNN and GI controllers was compared under all
three conditions. THD analysis using FFT confirmed that both controllers satisty
the IEEE 519-2014 standard, but HNN gives substantially better performance.

7.3 Main Conclusions

The main conclusions drawn from this work are as follows:
Conclusion 1: Both HNN and GI based controllers can successfully reduce the

source current THD below the IEEE 519-2014 limit of 5% in the single-phase PV-
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Battery-grid-connected EV charging system studied here. HNN achieves THD of
3.61% while GI achieves 4.35%. Both values are acceptable in practice.

Conclusion 2: HNN provides a 17.01% relative improvement in THD over
GI. The improvement comes from the adaptive nature of HNN, which continuously
adjusts its weights based on the actual load current. The GI, on the other hand,
is a fixed band-pass filter and provides only moderate harmonic attenuation. This
makes HNN the preferred choice for applications where the lowest possible THD is
desired.

Conclusion 3: The Lyapunov stability of HNN, which is a formal mathematical
property, translates into tangible practical benefits. These include shorter settling
time (80 ms vs 100 ms for GI), no overshoot in the estimated fundamental, and
tighter DC link voltage regulation (3 V dip vs 4 V for GI during irradiance step).
The formal stability guarantee thus provides a quantitative design margin advantage.

Conclusion 4: The power balance identity FPyiq + Pysc = Proaa 1s satisfied
at all instants under both controllers, both in steady state and during transients.
This validates the correctness of the simulation model and confirms that the SAPF
integration is correctly implemented.

Conclusion 5: The battery energy storage system, controlled by the bidirec-
tional buck-boost converter, successfully buffers the PV intermittency. The smooth
transition between charging and discharging modes, without large overshoots in
battery current or DC link voltage, demonstrates that the energy management sub-
system is robust to load and irradiance changes.

Conclusion 6: The computational complexity of HNN (approximately 6 multi-
plications, 2 additions, 2 integrators, 1 square root per sample) is comparable to that
of GI (4 multiplications, 3 additions, 2 integrators, 1 square root per sample). The
small difference does not significantly affect real-time implementability on modern
DSPs or FPGAs.

Conclusion 7: The choice of the gain parameter (K = 10 for HNN, K = /2
for GI) is critical. Both too-high and too-low values degrade performance. The
selected values represent near-optimal choices based on simulation experiments. For
HNN, K controls the rate of weight update; for GI, K controls the bandwidth. The

tradeoff in both cases is between transient response speed and steady-state accuracy.
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7.4 Contributions of the Present Work

The specific contributions of this dissertation are:

1. Utilisation of HNN to single-phase SAPF: The HNN based control al-

gorithm, has been used in single-phase case studied here.

2. Unified PV-Battery-EV-SAPF simulation model: A complete MAT-
LAB/Simulink model of the single-phase PV-Battery-grid-connected EV charg-
ing system with SAPF has been developed. This model integrates the PV array
with MPPT, the lead-acid battery with bidirectional converter, the nonlinear
EV load, the SAPF with VSC, the DC link voltage PI controller, and the
HCC. The model can be used as a testbed for studying other reference current

estimation algorithms in the future.

3. Direct comparison of HNN and GI: A direct head-to-head comparison of
the two algorithms has been carried out under identical operating conditions:
same system parameters, same load profile, same irradiance profile, same sim-
ulation time step. This comparison was a research gap identified in Chapter 2

and has now been addressed.

4. Quantitative performance assessment: The performance of both con-
trollers has been quantified in terms of multiple metrics: steady-state THD,
settling time, DC link voltage dip, overshoot in the estimated fundamental,
and power balance. The 17.01% relative improvement of HNN over GI is a

specific quantitative finding of this work.

5. Demonstration of Lyapunov benefit: The work demonstrates that the
formal Lyapunov stability guarantee of HNN does translate into measurable

practical benefits, addressing a gap noted in the literature.

7.5 Future Scope

Several specific directions for future research are suggested based on the work pre-

sented here:
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7.5.1 Hardware Implementation and Validation

The most immediate next step is to implement the proposed system in hardware
and validate the simulation results experimentally. A typical hardware setup would

include:

e A DSP (e.g. TMS320F28379D) or FPGA-based controller running the HNN
and GI algorithms.

e A real H-bridge VSC with IGBT modules (e.g. Semikron SKM150GB12V).
e A PV emulator or actual PV panels for the renewable source.

e A lead-acid battery bank with bidirectional DC-DC converter.

e Hall-effect current and voltage sensors with proper signal conditioning.

The hardware validation would confirm the simulation results and reveal any

practical issues that need to be addressed before deployment.

7.5.2 Adaptive Gain Tuning for HNN

The HNN gain K = 10 was selected as a fixed value in this work. However, the
optimal value of K depends on the operating conditions (load characteristics, noise
level, transient frequency). An adaptive gain tuning scheme could adjust K in
real time based on the estimation error or some other performance metric. Possi-
ble approaches include fuzzy logic based tuning, gradient descent on K itself, or

reinforcement learning based tuning.

7.5.3 Extension to Three-Phase Systems

While the single-phase case is interesting for residential EV chargers, commercial
and industrial charging stations are typically three-phase. The HNN and GI algo-
rithms can be extended to three-phase systems using either the a3 coordinates or
by applying them independently to each phase. The three-phase HNN formulation
and the three-phase DSOGI based GI formulation. These could be combined in a

future study.
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7.5.4 Weak Grid and Microgrid Scenarios

The present work assumes a stiff grid. In weak grid scenarios (where the source
impedance is significant) and in microgrid scenarios (where the system may operate
in islanded mode), the performance of the algorithms may change substantially.

Future work could investigate:

Performance of HNN and GI under weak grid conditions with varying source

impedance.

Seamless mode transition between grid-connected and islanded operation.

Voltage and frequency control in islanded mode using the same SAPF hard-

ware.

Microgrid level energy management with multiple PV-Battery-EV nodes.

7.5.5 Improved Battery and EV Charger Modelling

Future work could use more sophisticated battery models, including electrochemical
models, equivalent circuit models with multiple RC branches, and thermal models.
The EV charger could be modelled with realistic CC-CV charging profiles and more
complex front-end topologies (e.g. interleaved boost PFC, single-stage matrix-type

chargers).

7.5.6 Stochastic Optimization for Sizing and Placement

The sizing of the PV array, battery capacity, SAPF rating and the placement of
multiple charging stations across a distribution network are interesting optimization
problems. These can be addressed using stochastic optimization techniques (e.g.
genetic algorithm, particle swarm optimization) considering uncertainties in load

profile, irradiance and EV arrival /departure patterns.

69

+ iThenticate Page 87 of 104 - Integrity Submission Submission ID  trn:oid:::3117:598728501



+ iThenticate

+ iThenticate

Page 88 of 104 - Integrity Submission Submission ID trn:oid:::3117:598728501

Appendix A

Simulation Parameters and Design Calculations

Appendix A: Design Parameters of Battery Inter-
faced PV Integrated Grid Connected System

The parameters listed below follow the configuration of Appendix III of Arora’s
thesis [104] for the battery interfaced PV integrated grid connected system, with
the load and battery rating modified to suit the EV charging scenario considered in

this work.

A.1 Grid and Source Parameters

Grid supply voltage V; 110 V (rms), 1-phase, 50 Hz
Source side inductor L, 1 x 107 H

Grid frequency f 50 Hz

Sampling time 50 ps

A.2 SAPF Parameters

Interfacing inductor Ly 3 mH

DC bus capacitance Cy, 3000 pF

Reference DC bus voltage V., 200 V

VSC topology H-bridge (4 IGBTs with anti-parallel diodes)

IGBT switching frequency f; 10 kHz
HCC hysteresis band hygng +0.5 A
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A.3 Nonlinear Load Parameters

Load topology Single-phase 2-leg diode bridge rectifier with R-L load
Ryr1 (heavy load condition) 20 Q (corresponds to ~ 6 A rms drawn)

Rnpo (light load condition) 120 € (corresponds to ~ 1 A rms drawn)

Lyt 80 mH

A.4 PV Array Specifications (Kyocera Solar KD250GX-LFB2)

Maximum power P, per panel 250.022 W
Open-circuit voltage V. 369V
Short-circuit current [, 9.09 A
Voltage at MPP V,,,,, 298V
Current at MPP 1, 8.39 A
Series connected modules per string 3

Cells per module 60

Parallel solar strings 1
Temperature coefficient of voltage —0.32 %/°C

Temperature coefficient of current ~ +0.06 %/°C
Total array power (STC) 750 W

A.5 Boost Converter Parameters (for PV interface)

Boost inductor L, 5 mH

Boost capacitor C}, 150 pF

Switching frequency 10 kHz

MPPT algorithm Perturb & Observe (P&O)
MPPT step size 6D 0.002

MPPT sampling interval 1 ms
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A.6 Battery Specifications

Battery type Lead-acid
Nominal voltage Vi 154 V
Nominal capacity 20 Ah

Initial State of Charge (SOC) 90 %

Response time 0.1s
SOC discharge cutoff 20 %
SOC charge cutoff 95 %

A.7 Bidirectional Buck-Boost Converter Parameters (for Bat-
tery interface)

Bidirectional inductor Ly, 2 mH
Bidirectional capacitor Cy, 470 pF
Switching frequency 5 kHz

A.8 Control Parameters

DC link PI controller K, 0.1
DC link PI controller K7 1.0

1,55 saturation limit +5 A
HNN gain K 10
GI gain K V2~ 1.414

SOGI resonant frequency w 314 rad/s (50 Hz)

A.9 Simulation Configuration

Software MATLAB R2023a with Simscape Electrical
Solver Fixed step (ode4 Runge-Kutta)
Time step 50 ps

Total simulation time 5 s

FFT window for THD 10 cycles (200 ms) in steady state
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Appendix B: Key Design Calculations Summary

B.1 DC Link Voltage Calculation
Vienin = V2 Vims = V2 x 110 = 155.56 V

Chosen value: V. =200 V (28.6% margin)

B.2 DC Link Capacitance Calculation
2K1‘/;'ms alt
Cic=— 32—
Vie = Vi
With K1 =05, Vs =110 V, I =20 A, t =0.02 s, Ve =200 V, Vg = 155.56
V,a=12:

c 72><0.5><11()><1.2><20><O.02
de ™ 2002 — 155.562

= 3341 uF

Chosen value: Cy. = 3000 uF

B.3 Interfacing Inductor Calculation

L mVa
& 4astcrpp

Withm =1, Ve =200 V, a = 1.2, f, = 10 kHz, I.,,, = 1.5 A:

1 x 200

L= — 277 mH
I T Ix12x10x10% x 1.5 m

Chosen value: Ly =3 mH
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Appendix C: Acronyms List

ADALINE
ANF
APF
BES
BPF
CC-CV
DC
DSO
DSOGI
DSP
DSTATCOM
DVR
EMI
EV
FFT
FLANN
FPGA
G2V
GI
HCC
HNN
IEEE
IGBT
LFNN
LLMF
LMS
LPF
LVRT
MPC
MPPT
NN
P&O

Adaptive Linear Neuron

Adaptive Notch Filter

Active Power Filter

Battery Energy Storage

Band Pass Filter

Constant Current - Constant Voltage
Direct Current

Digital Storage Oscilloscope

Double Second Order Generalized Integrator
Digital Signal Processor

Distribution Static Compensator
Dynamic Voltage Restorer
Electromagnetic Interference

Electric Vehicle

Fast Fourier Transform

Functional Link Artificial Neural Network
Field Programmable Gate Array
Grid to Vehicle

Generalized Integrator

Hysteresis Current Controller
Hopfield Neural Network

Institute of Electrical and Electronics Engineers
Insulated Gate Bipolar Transistor
Legendre Functional Neural Network
Leaky Least Mean Fourth

Least Mean Square

Low Pass Filter

Low Voltage Ride Through

Model Predictive Control

Maximum Power Point Tracking
Neural Network

Perturb and Observe
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