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ABSTRACT

As more and more people around the world use electric cars (EVs) as a more
environmentally friendly way to get around, it becomes harder to keep the power grid
stable. As more people start using electric vehicles (EVs), large-scale integration might
cause problems with voltage drops, phase imbalances, and overloading in the grid
infrastructure. In addition, changes in grid voltage and current might make EV
charging operations less efficient and less reliable. This thesis suggests an intelligent
bidirectional EV charging system that will help solve these problems while making
sure that energy flows smoothly between the grid and EV batteries.
The suggested system has two main converters: one that converts AC to DC on the
grid side and one that converts DC to AC on the EV battery side. A second-order
generalized integrator (SOGI)-based technique controls the AC-DC converter. This
separates the basic current components from the harmonic distortions, making sure
that the power flows in a sinusoidal way. The DC-DC converter uses a constant current
charging algorithm to effectively control the battery's voltage and current while it is
charging and discharging. These converters work together to create a strong way to
transfer energy. They can switch between grid-to-vehicle (G2V) and vehicle-to-grid
(V2G) modes while keeping the system stable even when the grid circumstances
change.

A lot of simulations with different situations, such as harmonics injection, load
changes, and short-term disruptions, to see how well the system works. The results
show that the SOGI-based control works well to stop distortions caused by the grid
from spreading into charging and discharging currents. The technology also does a
great job of regulating voltage, keeping the DC link constant even when the grid supply
changes. The bidirectional DC-DC converter smoothly switches between buck and
boost modes, making sure that power flows in both ways without harming the battery.
The results of this study show that an enhanced EV charging architecture is possible
and will improve the stability of the grid while also improving the performance of EV
batteries.
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CHAPTER 1

Introduction

1.1 Background and Motivation

Transportation is an important aspect and convenience for everyone. Traditional
vehicles using internal combustion (IC) engines powered with fossil fuels possess a
few major drawbacks such as (i) limited power resource as fossil fuel is non-renewable
and hence is limited in nature (ii) environmental pollution caused by the burning of
fossil fuel. These limitations are mitigated to some extent by the use of EV’s [1]. EV’s
are powered from battery thus causing no pollution. In an attempt to reach the EV
30@30 agreement, India intends to raise the proportion of electric cars (EVs) to 30%
of all vehicles sold by 2030 [2]. In India, it is anticipated that 15% of four-wheelers
and over 50% of two- and three-wheelers will be electric by 2040 [3].

The rise of electric vehicles (EVs) as a sustainable alternative to conventional internal
combustion engine vehicles has led to significant research in power electronics,
particularly in the field of battery charging technologies. An onboard charger (OBC)
acts as a critical interface between the electrical grid and the EV battery, ensuring
efficient and controlled energy transfer. The primary objective of an onboard charger
is to provide safe, reliable, and adaptive charging while optimizing energy efficiency.

With the increased integration of EV’s into the grid, the power infrastructure may
encounter new difficulties such as voltage sags, overloading in grid infrastructure,
phase imbalance etc [4]. These problems are mitigated to some extent by incorporating
unidirectional controlled charging (V1G) and Vehicle to Grid V2G charging [5].
Frequent charging and discharging have a negative impact on EV-battery, as it causes
battery degradation [6]. Further, issues such as grid reliability, voltage and frequency
control need to be studied in detail [7]. In order to obtain bidirectional power flow, the
chargers need to be designed carefully. Different topologies and different types of
chargers for bidirectional charging scheme are discussed in [8].



1.2 Overview of the System

The proposed onboard charger consists of the following major components:

1.2.1 Grid Connection

The electric vehicle's battery and load are both supplied with power by the system,
which is directly connected to the grid. The charger was developed to operate under
both ideal and distorted grid conditions, with the purpose of evaluating the variations
in performance that are caused by harmonic disturbances.

1.2.2 Conversion Stage for AC-DC Current in Both Directions

When it comes to rectification and inversion, as well as voltage regulation, a
bidirectional AC-DC converter is extremely helpful. A Second-Order Generalized
Integrator (SOGI) controller is used to control the switching signals for this converter.
This controller is responsible for extracting the fundamental current component from
the grid voltage. The performance of the rectifier stage is improved as a result of this
approach, which guarantees the reduction of harmonics.

1.2.3 DC-DC Conversion Stage

DC-DC converters are responsible for managing the transfer of energy between the
AC-DC stage and the electric vehicle battery. These converters have the ability to
function in both directions, allowing power to flow both to and from the battery. We
investigate two different topologies. It is possible to perform step-up and step-down
operations with the help of the Bidirectional Buck-Boost Converter, which enables
flexible voltage conversion. The Bidirectional cuk Converter offers a number of
additional benefits, including enhanced current ripple management and enhanced
voltage regulation. When it comes to regulating the switching of the DC-DC converter,
a Proportional-Integral (PI) controller is utilized. This controller ensures that the
voltage and current during operation are both stable.



Chatpter 2

Literature Review

In this chapter extensive literature review is done.

Paper [9] examines the topology, features, components, operation, strengths, and
weaknesses of the various converters used in electric vehicles. The many kinds of
electric automobile converter controllers and different techniques of modulation are
also examined in this research with regard to their functionalities, advantages, and
disadvantages. The important issues and difficulties surrounding converters,
controllers, and optimizations for electric automobiles are examined in this study.

Paper [10] examines the development and assessment of various DC-DC converter
topologies for Plug-in Hybrid Electric Cars (PHEVs) and Battery Electric Vehicles
(BEVs). These converter topologies, design and assessment are illustrated, examined,
and discussed in terms of output power, number of components, switching frequency,
losses, electromagnetic interference, efficacy, dependability, and cost. The
architecture, benefits, and drawbacks of several converter topologies (AC-DC & DC-
AC) for fast charging stations (FCHARs) are assessed in this research.

This research [11] investigates a novel wide-range bidirectional dc—dc converter with
enhanced voltage gains of the transfer ratio for electric vehicle applications.

Since its initial proposal by Dr. Slobodan Cuk in 1976, the Cuk converter has attracted
a lot of attention because of its unique features, which include continuous input and
output currents, reduced electromagnetic interference (EMI), and high efficiency. [12]

Because of its many advantages, the Cuk converter is frequently chosen over other
DC-DC converters. One of the main benefits is that the input and output currents are
continuous, which reduces ripple currents on both ends and, as a result, harmonics on
both the input and output sides. Its consistent input current reduces the input filter
capacitor's stress and hence the size that is needed. Furthermore, because the Cuk
converter grounds the electronic switch's control terminal, the gate drive design is
made simpler overall. [13]-[14]

Paper [15] explains how to build and operate a bidirectional battery charger for electric
cars that can also be used as an active power filter by connecting it to the home
electrical grid in the area. Additionally, the charger is built and programmed to function
both while the battery is being charged from the grid and when power is being returned
to it when required.



A control of solar photovoltaic (PV) array and wind energy conversion system
(WECS) based charging station is presented in this article [16]. The charging station
is based on an adaptive frequency-fixed second-order generalized integrator with dc
offset rejection capability (AFF-SOGI-DRC). The purpose of this article is to improve
the power quality of the grid and to charge electric vehicles (EVs).
The purpose of this paper is to discuss a photovoltaic array and a WECS-based
multipurpose charging station that incorporates AFF-SOGI-DRC in order to improve
power quality at the grid.

The purpose of this study [17] is to design a switched-reluctance motor (SRM) drive
for electric vehicles that is driven by a battery/supercapacitor and has grid-to-vehicle
(G2V) and vehicle-to-home (V2H)/vehicle-to-grid (V2G) functionalities. Within the
scope of this work, the creation of an electric vehicle SRM drive that incorporates
battery/SC hybrid storage and boasts G2V, V2H, and V2G features has been
demonstrated. An SRM, an asymmetric bridge converter, and a bidirectional front-end
dc/dc converter are the primary components that make up the configuration of the
system.

DISOC, which stands for non-isolated dual-input single-output dc—dc converter, is a
unique converter that is proposed in this [18] study. In accordance with the current
state of power availability with PV and battery, as well as the current state of operation
of the electric vehicle, the DISOC structure can be modified to carry out six distinct
types of operations. When it comes to the integration of the two input sources, the
DISO converter topology is the one that is advocated. This converter is capable of
functioning in six distinct modes of operation, and it makes efficient use of the
electricity generated by photovoltaic solar panels as well as the power that is stored in
the battery. Additionally, it is capable of doing V2V or V2G operation when the car is
in parking mode, and it does so without the need for any external dc—dc converter
whatsoever.

A full analysis is done in [19] on whether it is possible to add EVs to the current
distribution system, looking at both slow and fast charging options. The study
indicated that the charging station could handle more EVs without overloading the
distribution transformer if it could work in both directions (G2V and V2G services).

The research [20] suggests an adaptive error convergence method to make the charging
dynamics of an electric vehicle (EV) charging system better in a grid-connected
proton-exchange membrane fuel cell (PEMFC) architecture. This paper analytically
describes a strong adaptive control that converges more quickly when the grid isn't
working properly. This shows how to charge many EVs at once. To stop big voltage
swings and electromagnetic instability during multi-source integration, a strong DC
link voltage regulation is shown at different control goals. The new PMAE method



creates a projection-based change that always affects the gradient of parameter
adaptation to keep the control parameters inside a set parameter boundary. This builds
a steady DC link for charging in both directions with several goals.

The article [21] suggests an integrated converter (IC) for electric vehicles (EVs) that
can charge them via driving, grid-to-vehicle (G2V), vehicle-to-grid (V2G), and
DCl/vehicle-to-vehicle (V2V) methods. The EVs would use a switching reluctance
motor (SRM) for their drive-train. The proposed IC doesn't need any extra non-
integrated power electronics parts or inductors to work. In G2V/V2G mode, the
winding nodes are directly connected to the AC gird terminals. Also, the new
bidirectional G2V/V2G charger lets BESS charge and discharge across an AC grid
with any voltage rating. The suggested IC's DC-link can be connected to a DC source
or load of any voltage rating for DC/V2V charging because the integrated DC charger
can work in all four quadrants.

This [22] study suggests a new, inductively coupled, bidirectional grid interface that
doesn't need a dc-link capacitor or an input inductor. It is made up of two converters
that are connected back-to-back. For V2G and G2V systems, a bidirectional,
contactless grid interface that doesn't need a dc-link capacitor or an input inductor has
been suggested. It is based on inductive power transfer (IPT). The proposed grid
interface features two converters that are connected back-to-back and can control the
flow of electricity in both directions and at different levels. The grid converter can
work at a significantly lower switching frequency and with a simpler switching
approach than other systems.

The research [23] proposes three novel operational modes for an electric vehicle (EV).
(a) home-to-vehicle (H2V) (b) vehicle-for-grid (V4G) (c)Vehicle-to-Home (V2H). In
H2V operation mode, the current in the electric vehicle is regulated based on the
electrical consumption of household appliances to avert overloads and overcurrent
trips in the main circuit breaker. This operational mode occurs during the charging or
discharging of the EV battery. In the V4G operational mode, the electric vehicle battery
charger is utilized for the compensation of reactive power or current harmonics within
the residence. This operational mode can also be executed during the charging or
discharging of the EV battery. In the V2H operational mode, the electric vehicle
functions as a power source for an isolated residence or as an offline uninterruptible
power supply for a grid-connected home. A variety of experimental results are
provided, both in steady state and during transients, to validate the previously indicated
operational modes and to demonstrate that the electric vehicle can serve as an asset for
smart grids and smart households.

This article [24] looks into how bidirectional EVs affect the electrical grid's voltage
profile, frequency stability, and power quality. A strategy for optimal frequency



support is suggested that can bring the grid's frequency back to normal in case of
problems by using the available EVs inV2G mode. The study found that using EVs
during periods when there are more of them at charging stations, particularly at night,
can raise the frequency by as much as 0.28 Hz in a low-inertia system and 0.12 Hz in
a high-inertial power system. In terms of power quality, light load EVs add more THD
to the grid than heavy load EVs with the same total power, up to 35 times more. Also,
electric vehicles (EVs) connected to the high-line grid made the grid current have more
THD. In several scenarios that were looked at, the THD of EV sets connected to the
240 V grid is almost twice that of the 120 V grid.

The study [25] suggests a way to control active power decoupling for a three-port
conversion system with only one phase. Researchers have looked into how to automate
the SRCC method for lowering the DC-link capacitance. A Li-ion battery pack was
chosen as the best ripple power decoupling part to take the place of the electrolytic
capacitor tanks in the PV/battery combination. Even with a tiny dc-link capacitance,
the THD of the AC grid current dropped by more than 2%. This study shows that more
than 90% of capacitance can be avoided compared to the usual way of power
decoupling with DC charging. This means that costs and sizes can be greatly
decreased, which means that a very high-power density is possible.

The paper [26] talks about a photovoltaic (PV)-based off-board charging system that
is connected to the grid through a voltage source converter (VSC). The joint
logarithmic hyperbolic cosine robust sparse adaptive filter (JLHCAF) method is what
controls the grid-tied off-board charger. This method does a good job of tracking the
main part of the load current over a short period of time, which gives it a good dynamic
response.

This paper also talks about a PV-based oft-board charger that can work in several ways,
such as G2V, V2G, V2H, G2H, and PV2G. The JLHCAF-based control algorithm
works better than the LMS control algorithm that is already in use. The JLHCAF
algorithm responds quickly to changing conditions when the load changes.

The study [27] looks into, shows, and designs five non-isolated bi-directional dc-dc
converter topologies for use in renewable energy producing plants. The non-isolated
bi-directional SEPIC dc-dc converter (NBSC) works better than the non-isolated bi-
directional CUK dc-dc converter (NBCC) because it has less ripple voltage and a
higher output voltage. The input and output current are steady, and there is less ripple
in the output current (0.161% of the average output current) and output voltage
(1.325% of the output voltage) than in non-isolated bi-directional dc-dc cuk
converters. The value of the coupling capacitor doesn't depend on the ripple in the
output voltage. Because it changes how it works inside and connects the input and
output ports. The value of the internal capacitor (also called the coupling capacitor) is
20 times lower than the value of the output capacitor.



The paper [28] talks about how to develop a good control strategy for a non-isolated
bidirectional DC-DC converter. The converter in question has a basic design and a
high voltage gain. The proposed converter has a higher voltage gain in step-up mode
than a standard converter. The converter contains four power switches, but only two
of them can be used at a time. Two inductors on the input side split the input current,
which lets you use smaller inductors. The proposed converter is easy to build and
works well.

The paper [29] looks at the most advanced EV charging topologies and PEC solutions
for EV applications in great detail. It looks into PECs in terms of their types, setups,
ways of controlling them, and future research opportunities, as well as how they affect
power quality. This study looks at the charging topologies of electric vehicles (EVs)
in terms of where they are located, how much power they can handle, how they connect
physically, and the direction of the power flow. In addition, a thorough study of PEC
solutions for EV applications has been done, looking at their circuit layouts, switching
patterns, structure, and control methods based on recent article reviews. We also
looked into the different PEC topologies that use DC-DC converters, AC-DC
converters, DC-AC converters, and AC-AC converters for building, types, modulation
techniques, and control schemes for high-voltage and low-voltage applications, mostly
for EV charging stations. Along with showing the soft switching converters, the
multilayer converters, and the multiport converters, these are also contemporary
solutions for power train problems in electric vehicle applications. Next, we'll look at
the main forecasts, problems, and effects of the PECs on the vehicle system and the
power quality of the utility grids based on current review articles.

The article [30] looks at the most advanced designs for off-grid and hybrid charging
systems and looks into their different subsystems, like power electronics converters,
energy storage systems, single or multiple energy sources, and energy management
algorithms. This article has looked into and talked about the many designs of off-grid
and hybrid charging systems for electric vehicles. It also looked at and studied their
different subsystems, like energy sources, ESS, PECs, EMS, and charging connectors
(their power level and standards) for different sorts of vehicles.

The paper [31] looks at the most important topologies that have been used in recent
research to create fully integrated slow (single-phase) and fast (three-phase) on-board
EV battery charging systems using either induction or permanent magnet motors. It
focuses on topologies that don't require much or any hardware reconfiguration. This
research looked at the best integrated onboard chargers available for electric vehicles.
We talked about several kinds of chargers and looked at their pros and cons. There
have also been talks on different kinds of converters, drivetrains used in EVs, charging
control methods, and technical problems. Also, it was shown how to use either three-



phase or multiphase machines for sluggish (single phase) and quick (three phase)
charging.

The article [32] gives a full overview of EV charging technologies, worldwide
standards, the design of EV charging stations, and the different ways that EV charging
systems can convert power. This article has looked at the different types of EV
charging technologies, standards, charging station layouts, and power converter
combinations. We look at several sorts of electric vehicles (EVs), charging levels,
modes, connectors, and batteries to see how charging technologies and needs are
doing. A comparison of the charging station architecture has been made based on
AC/DC power flow, control approach, pros and cons. Most multiport EV charging
stations include solar panels and batteries built in to help the power grid and offer other
services.

The paper [33] talks about the most advanced topologies and control approaches for
off-board chargers' ac-dc and dc-dc power stages. It focuses on technical specifics,
ongoing progress, and problems. Also, most of the newer multiport EV chargers that
combine PV, energy storage, EV, and the grid are shown. This document goes into
great length about the current state, technical specifics, and problems with the power
converter topologies and their control mechanisms for EV off-board chargers. A study
that compared different power converter topologies based on factors like power,
frequency, voltage range, THD, peak efficiency, and switching modulation, as well as
their pros and cons, has been done. This article talks about the three-port and four-port
converters that are currently used to charge electric vehicles. Close attention is kept at
the control mechanisms for ac-dc rectifiers and de-dc converters that are used for fast
charging EVs.

The paper [34] presents a non-isolated onboard charger (OBC) utilizing an interleaved
bidirectional buck/boost converter. The OBC is designed for 1kW operation. The
performance of the OBC during the G2V operation amidst grid voltage fluctuations is
validated. The charging process with a 15A current has been validated via simulation.
This operation is validated through hardware experimentation. The performance of the
OBC during V2G operation is examined.

The article [35] examines the design and regulation of a bidirectional battery charger
for electric vehicles, as well as its function as an active power filter when integrated
with the local residential electrical grid. The charger is engineered and regulated to
function while charging the battery from the grid and to inject electricity back into the
grid as necessary. This work presents the design, analysis, and simulation of a
bidirectional electric vehicle charger comprising a voltage source inverter (VSI)
AC/DC converter and a dual active bridge (DAB) DC/DC converter. This charger is



designed for battery charging (G2V operation), battery discharging to the grid (V2G
operation), and active filtering when connected to the home.

Since its initial proposal by Dr. Slobodan Cuk in 1976, the Cuk converter has attracted
a lot of attention because of its unique features, which include continuous input and
output currents, reduced electromagnetic interference (EMI), and high efficiency [36].
Because of many advantages [36], the Cuk converter is frequently chosen over other
DC-DC converters. One of the main benefits is that the input and output currents are
continuous, which reduces ripple currents on both ends and, as a result, harmonics on
both the input and output sides. Its consistent input current reduces the input filter
capacitor's stress and hence the size that is needed. Furthermore, because the Cuk
converter grounds the electronic switch's control terminal, the gate drive design is
made simpler overall. [37-38].

Authors in [39] discuss SOGI controller in detail. SOGI block is used to attenuate the
high frequency terms in the ac -dc converter. An on-board bidirectional EV charger is
proposed in this paper which rejects the harmonics effects of the grid. The SOGI
controller is used to generate the gate pulses for the switches of ac-dc converter. Pulse
width modulation (PWM) control scheme is used to control the bidirectional dc-dc
converter at the EV side. The simulation results are discussed in detail under various
grid scenarios for both the charging/ discharging modes of operation.

This work [40] discusses the design, modeling, and simulation of an analog-controlled
bi-directional buck-boost converter. The model emphasizes the significance of non-
linear characteristics in voltage converters, including the equivalent series resistance
(ESL) of the inductor, the equivalent series resistance (ESR) of the capacitor, and the
on-resistance (RDS(on)) of MOSFET switches. Analog controllers are constructed
with type I, II, or III compensation. Simulations of a bi-directional buck-boost
converter are conducted using Matlab/Simulink. The operation of the converter using
an analog controller has also been demonstrated.

Calculation of different elements of the dc-dc buck converter has been described in the
paper [41]. Authors of the paper [42] have described the calculation for the elements
present in the dc-dc boost converter.

This work [43] presents a comprehensive mathematical model of a DC-DC Cuk
converter functioning in continuous conduction mode. Averaged large signal model is
initially derived via the State-Space averaging method. The steady-state model and
small-signal model are derived through linearization, enabling the determination of
different transfer functions of the Cuk converter for control design purposes. The
model validation is conducted by simulating a physical model of the Cuk converter
using the PSIM simulator and then comparing the results with the outcome of the
mathematical simulation derived from MATLAB Simulink. The authors in [44]



describe the designing of the controller for the cuk converter using model order
reduction.

10



Chapter 3

Design and Modelling Of Different DC-DC Converter

In this chapter design and modelling of two non-isolated bidirectional converter is
discussed.

3.1 Bidirectional buck and boost converter.

The figure for this converter is shown in Fig.3.1. This converter operates in either buck
or boost mode. Operating mode is selected by the PWM signal to the switches. This
converter consists of two switches. Each switch consists of a Mosfet and anti-parallel
diode for the bidirectional power flow.

In either of the two modes of operation (buck or boost mode), one of the switch turns
on and off and the corresponding anti-parallel diode remains off for the whole
operation whereas, the diode of the other switch acts as passive (naturally commutated)
switch.

For modelling, both the modes are studied separately and then merged to get the
operating parameters values [40].

rl%l— L,
|—H— —_—
iL,
Ss
Vi % S V2
Se

Fig.3.1. Bidirectional buck and boost converter

3.1.1 Buck Operation Mode

In the buck mode, the power is transferred from primary side (V1) to secondary side
(V2). Fig. 3.2.(a) represents the working of normal buck converter and Fig. 3.2.(b)
represents the equivalent circuit of proposed EV- battery side converter in the buck
mode (the complete system model will be discussed in further chapters). The design
of L and C values is discussed below.
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Fig. 3.2.(a). Buck mode of buck & boost converter

A. Inductor Design
As given in the [41] the inductor L is designed using equation (3.1).

_ (1-D)*1,

T (3.1)
where, D = duty ratio and is equal to V2/V1.
Al = ripple in inductor current
V> =secondary side voltage
fsw = switching frequency
Now above equation with respect to Fig. 3.2(b) can be given as
- o2
D =%=%= 0.65 (3.3)
1= o(;;fz.?)i*ozoéooo = 9.1mH 34)

In equation (3.2) V> from equation (3.1) is replaced by Vpa. Inserting values of the
variables from the Table I, L; is obtained. The value of L1 = 9.1 mH. Ideally the final
selected value is taken as 1.25 of the calculated value i.e L1 = 1.25*L;. Thus, the
designed value of L for buck operation is given by L1 = 12 mH.

B. Capacitor Design

The value of filter capacitor for buck converter is obtained from [41] and represented
as the given equation

12



V,*(1-D)
T BxLyxfE, AV,

(3.5)

1

With respect to the proposed model as in Fig 3.2(b) equation (3.5) is rewritten as

_ _ Vpar*(1-D)
Ci =
8Ly *fow*AVpat

(3.6)

_ 280%(1-0.65)
T 8%12%10-3%100002%0.05+280

C, = 0.729uF (3.7)

inserting values of the variables from the Table 1, we get C; as Ci = 0.729uF. For
practical consideration C; as approximated as 10pF.

T L,
1 ~ YN
LT

SS . Ibat

11

Fig. 3.2.(b). Proposed model equivalent in buck mode.
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3.1.2 Boost operation mode

In the boost mode the power is transferred from secondary side (V2) to primary side
(V1). Fig.3.3.(a) represents the working of normal buck converter and Fig.3.3.(b)
represents the equivalent circuit of proposed EV- battery side converter in the boost
mode. Following section discusses the design of inductor (L) value.

As mentioned in [42] the value of inductor is given as:

e
L el

Ss

LOAD
|

Fig. 3.3.(a). Boost mode of buck & boost converter

__ Dx(1-D)xVy

Lmin - 2+ fow*lin (38)
1Y L,
] ~NYY~—
—— - =

ml Ibat

;7Dc EEI— Lpat —— Vi,

Fig. 3.3.(b). Proposed model equivalent in boost mode
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where D = duty ratio and is equal to (Vi- V2) /Vi
fow =switching frequency
[in - input current
Vin =input voltage

Equation (3.8) is rewritten as equation (3.9) by replacing the boost converter with the
parameters of the actual proposed converter model as shown in Fig. 3(b)

_ D+(1-D)*Vp¢

Lmin B 2% fsw*lpat (39)
Here D = (Vl - VZ)/Vl (310)
p = Ypc~Vbat (3.11)
Vpc
D=0.35
Applying the values from table I in (3.9) we get
0.35%(1-0.35)*400
Lpin = 10000020 = 0.2275 mH (3.12)

Again, considering L as 1.25 times the calculated value we get L = 0.285mH.

Thus, we have two values of the inductor one from the buck mode of operation and
the other from the boost mode of operation. The final value of L is the maximum value
obtained in both the cases. Thus, the designed value of L is selected as 24mH. The
output filter capacitor is C = 10uF.

Table I:  Selection of parameters for buck and boost converter.

S.No Parameters Values
1. Ve 400 V
2. Vat 280V
3. Inductor L, 24mH
4. Capacitor Cy 10uF
5. Charging & discharging | 20A
current Ipat
6. Operating Frequency 10 KHz
7. AlLy 5% of Tpat

15



AVbat 5% Of Vbat

3.2 Bidirectional Cuk converter

The Cuk converter is a type of DC-DC power converter designed to efficiently change
electrical energy between different voltage levels. Invented by Slobodan Cuk, this
converter is notable for its ability to provide a smooth, continuous current at both its
input and output terminals, making it a popular choice in applications requiring stable
power delivery.

Cuk converter is a 4" order, non-isolated, switch-mode power converter. The converter
consist of two switches (Ss & Se), two capacitors (C; & Cz) and two inductors (L; &
L) as shown in Fig 3.4.

v
\Y - C1
PSR ll| i -t
L, I " — L, I
= I I L2 |
C . l Iy € ICZI °
SS Vbatl BT
\% - - " —
dD . 11 T r Vo =TT, F
- + 2
s S6
Ibat

Fig. 3.4. Schematic diagram of the Cuk converter

3.2.1 Working of cuk converter

Working of the Cuk converter can be studied under two modes [43]. There are two
switches Ss & S¢. These switches are also made up of mosfet and an anti-parallel diode.
This is done to obtain bidirectional power flow.
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A. Mode A: (S5 is CLOSE and S6 is OPEN)

In this state switch Ss is CLOSE and switch S¢ is OPEN. The resultant circuit is shown
in Fig. 3.5.(a).

+ Vu - Vai Vi
< * " _ - Y ‘+ < - To
—
L_l) I, L II ICl (ﬁ I, )\ A
S G C2 |
3 — | Via s BT
l_ I
e R y Ve, ==
+ ¢t
Igs Se A
A Ibat

< [ [
. > >

[
-

Y

Fig.3.5.(a) Cuk converter in mode A (switch S5: ON and switch S6: OFF)
Applying KVL in the outermost loop gives:
Ver = Vpe + Vbar (3.13)
Applying KVL in the DC source loop gives:
Vi1 = Vpe (3.14)

Applying KVL in the battery side loop gives:

Viz= —Vbar = Vc1 (3.15)
Viz = —Voat + Ve + Vpar (3.16)
V2 = Vpc (3.17)

B. Mode B: (S5 is OFF and S6 is ON)

In this mode switch Ss is OFF and switch S¢ is ON. The resultant circuit is shown
in Fig 3.5.(b).
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Fig 3.5.(b). Cuk converter in mode B (switch S5: OFF and switch S6: ON)

Applying KVL in the DC source loop gives:
Vi = Vpe — Veu
Vi1 = Voc = (Vpc + Vpat)
Vi1 = —Vpar
On averaging:
Average voltage across an inductor is zero. Therefore,
Vi,*D+ V,;*(1—-D)=0
Ve *D = Vpar *(1—=D) =0

Vpc*D
(1-D)

Vhat =

Vbat

Vpc tVpat

D=2 __0411

T 400+280

C. Determination of converter s passive elements Lj, L2, C;1 & C>

These values are based upon the values of current and voltages ripples:

Calculation of L1:
In switch Ss is on, from equation 3.14

Vii= Vpe
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(3.21)
(3.22)

(3.23)
(3.24)

(3.25)



Ly

Calculation of La:

dlyq _
Ly =0 = Vbe

Ly * Al; = Vpe * (DT)

Vpc*D

Ll =
Alpg*f

_ 400%0.411
T 0.05%20%10000

L, =20 mH

In switch Ss is in ON condition, from equation 3.17

Calculation of Ci:

In switch S¢ is in off condition:

C1 =

We take Cias 1.25*%C;

Calculation of Ca:

We know that

1
Qc= fT/4 [c,dt == *

Via = Vpe

2
Lz*_dt = Vpc

Iy =1, =1,

aVeq

I =G4 T = I
I,*D
Cl = =
AVei*f
20%0.411
——— =24 uF
0.05+680%10000

C, = 1.25 * 24uF
C, = 30uF

Q=Cdv=[idt

3T/4 .

NS

2
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= 16.4mH
Ly =1.25%16.4 = 20.5mH

Al
* 2

(3.26)
(3.26)

(3.27)

(3.28)
(3.29)

(3.30)

(3.32)
(3.33)

(3.34)

(3.35)

(3.36)
(3.37)

(3.38)

(3.39)
(3.40)

(3.41)

(3.42)



Cz *AVCZ = L:*_sz

C, =22
2 7 gfrAV ey

0.05%20
Cz =
8%x10000%0.05%x280

Cz = 125 * CZ

= 0.892

C, = 2uF
Where:
f = switching frequency,
D = duty ratio
T = time period
Vpc = source side DC voltage
Viat = voltage across battery
AVci1 = voltage ripple in Capacitor C;
AV ¢z = voltage ripple in Capacitor C
AlL1 = current ripple in Inductor L,

AlL> = current ripple in Inductor Lo

(3.43)

(3.44)

(3.45)

(3.46)
(3.47)

Table II consists of values of the all the parameters used in Cuk converter an

parameters used to design the Cuk converter.

Table II: Parameters Values for the Cuk Converter

S.No Parameters Values
1. Input voltage 400V
2. Output voltage 280V
3. Inductor L 20mH
4. Inductor L» 20mH
5. Capacitor Cy 30uF
6. Capacitor C> 2uF
7. Charging current Ipat 20A

20



8. AlLi=AlL2 5% of Ivat
9. AVci 5% of Vci
10. AV 2% of V2
11. Operating Frequency (fsw) 10 KHz
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Chapter 4

Performance Analysis of Grid Connected EV Charger using
Bidirectional Buck and Boost Converter

4.1 System Design

The suggested configuration is represented in Fig. 4.1. The system is made up of two
bidirectional converters, the first is Grid Side Converter (GSC) and the second is
Battery Side Converter (BSC). Both the bidirectional converters interact with each

other via a common DC link having DC link voltage of Vpc.

In G2V mode, the bidirectional AC-DC grid side converter (GSC) feeds energy to the
battery through a DC link capacitor by acting as a rectifier. On the other hand, in V2G
mode the load is fed by the battery and the remaining energy is fed into the grid. A
bidirectional buck and boost converter is used to connect the DC link and the battery
of the EV. The bidirectional DC-DC converter can run in either of the two modes i.e.,
in buck or boost mode. In G2V mode, the DC-DC buck and boost converter is utilized
as to charge the battery at constant DC current, here the DC-DC converter works in
buck mode. The bidirectional buck and boost converter operates in boost mode in V2G

mode, supplying energy to the load and grid.

The battery with bidirectional BSC is connected at DC link of GSC. Further, the
interfacing inductor Lc with GSC is connected at common point of the load and the

grid. A non-linear active load is considered for simulation purposes.
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Fig.4.1. Circuit diagram of complete system with bidirectional GSC & bidirectional BSC.

4.2 Controller Design:

Design of controller for Battery Side Converter and Grid Side Converter is discussed
in this section.

4.2.1 Battery side converter

The EV-battery charging/discharging is controlled using constant current mechanism.
The direction of current going out of the battery positive terminal is taken as positive.

A. Charging Mode

In grid-to-EV-battery (BATTERY CHARGING) mode, the battery keeps charging in
this mode the battery’s current is negative as the current is entering into the battery via
the positive terminal. Thus, a negative reference current (i.e Iy is negative) is chosen
and compared with the measured battery’s current to obtain the error signal which then
fed to a PI controller. The output of the PI controller is fed into the PWM generator
which finally outputs the gate pulses for the switches Ss and Se. This is shown in the
Fig.4.2. Here Iyrer and Iom denote the reference current in charging or discharging mode
and the measured battery current respectively.

B. Discharging Mode
In the V2G (BATTERY DISCHARGING) mode that is when EV-battery is supplying
the energy to the grid and load, the battery current is positive as the current is leaving
the battery from the positive terminal. In this mode a positive reference current (i.e Iprer
is positive) is compared to obtain the error signal which is then fed to the PI controller.
Switching signals for the switches of Ss and Se 1s obtained in the similar fashion as in
the grid-to-EV-battery (CHARGING) mode.
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Fig.4.2. Controller for EV-battery side converter

4.2.2 Grid Side Converter

The gate pulses for the switches of the grid side bidirectional converter are generated
with the help of a SOGI controller and a sine template. The SOGI controller is used to
generate the fundamental load current ‘Innd’ & sine template is used to generate the
reference current used for the switching of bidirectional grid side ac-dc converter.

Fig.4.3 represents the complete control strategy and generation of gating pulses for the
Grid side converter.

Laipha s : - )
i |_> i >t ﬂ_’ Lo X I« | Hysteresis |, 92
= S061 g ™| Current | _, S
—>

Lyeta >l x >+ > + T controller —» Y

Sine ?

Vdc_ref Iloss Template lgrid

PI
Vdc_meas

Fig. 4.3. Complete control of grid side converter

The load current is fed into the SOGI controller. laipha and Iveta are the two output of the
SOGI controller which are quadrature to each other.

The figure 4.4 represents the working of the SOGI converter. Here @ = 2*pi*50, the
fundamental frequency in radians. The working and design of the SOGI converter is
studied in paper (39). From the literature, it is significant that the working of SOGI
depends on the parameter K, for the optimum operation value of K is selected as K =
0.707 (as conclude from the same paper).
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Fig.4.4. Generation of I aipha and I veta With SOGI controller

Laipha being in phase with the load current. ‘Ifung’ is the fundamental component of the
load current and it is obtained from laipha and Ipeta using equation 4.1.

Ifund= ’I:ilpha + Itz)eta (4'1)

In order to calculate the switching losses and maintain desired DC bus voltage, the
error between the reference DC bus voltage ‘Vc ref” and the measured DC bus voltage
“Vie_meas’ 18 fed into a PI controller. The output of the PI controller is ‘lioss’. In order to
get the total load current ‘I’ both the signals ‘lioss” and ‘Irnd’ are added as given by
equation 4.2.

liotal = Ifund + lioss 4.2)

In order to obtain reference load current ‘It the total current obtained above is
multiplied with a sine template (ST) as given by equation 4.3.

Iref = ltotar * ST (4.3)

The method to obtain the sine template from the grid voltage is explained in the figure
4.5. A delay block (which provides a phase shift of 90 degrees) is used to obtain “Vaipha’
and ‘Vyeta” from the grid voltage ‘Vgiq’. The Sine Template (ST) is obtained using
equation 4.4.

ST = ——alvha__ (4.4)

2 2
Valpha+Vbeta
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Fig. 4.5. Method to obtain sine template

After getting the reference load current ‘Lief’, both the signals are fed into a hysteresis
current controller in order to finally obtain the gating pulses to the four switches S1 S
S3 and Sy of the bidirectional grid side ac-dc converter as shown in Fig.4.3.

4.3 Results Analysis

A Simulink model is developed and working analysis under G2V and V2G is achieved.
A detailed discussion is discussed in following sections:

4.3.1 Charging and Discharging mode

The Simulink model simulation results for grid voltage, grid current, load current,
inverter current, voltage at DC bus, battery voltage, battery current, %SOC (State Of
Charge), in Fig.4.6, for both the modes G2V as well as V2G mode. The bidirectional
buck and boost converter is designed for DC bus voltage of 400V, battery rating is
selected as 280V, 25Ah.

As seen from Fig. 4.6.(a) & 4.6.(b) the grid voltage and grid current are in same phase
in charging i.e., G2V mode which states that power is being supplied from grid to the
EV-Battery. Also, at some instant (t=0.55s) the model is made to operate in V2G i.e.,
battery discharging mode. It can be seen from Fig. 4.6.(b) that the grid current is now
in phase opposition to grid voltage, which states that battery is supplying current to the
grid, hence the energy flow occurs from the EV-Battery to grid. Also, while charging
(from time t = Os to time t = 0.55s) the battery current is negative as observed from

26



350 630
300

0 S5
=300 - 3007 |
30 200

grid

(a) (€)
100 51.66
Phase changes i
3 2
z0 ;ésms—,%\
& Charging to Discharging
mode changed
=100 5164
(b) U}
- 2280 |
- |7 - -
Load Changed
20 m
© ()
100 5
‘ . Reference Changed ~
=100 25
0.3 0.35 04 045 0.5 0.55 0.6 0.65 0.7 0.3 0.35 04 045 05 0.55 0.6 0.65 0.7
() (h)

Fig. 4.6. Charging and discharging modes of operation (a) verid (b) igrid (€) iload (d) finverter (€) Ve (f) %SOC (g)
VBat (h) Ibat

Fig.4.6(h) which is an indicator of battery being charged on the other hand while
discharging (from time t = 0.55s to time t = 0.7s) the battery current is positive.

4.3.2 G2V with load and current reference variation

The model is designed to charge the battery with up to 20 A current. In the Fig.4.7, the
load is changed at t = 0.35s, the Fig.4.7.(h) shows even if there are load changes the
designed model can still charge the battery at designed value of current. Increasing the
load increases the power demand from the grid as a result more current is drawn, from
the grid, also changing the load should not affect the charging current of the battery,
both of these statements are verified from the Fig.4.7.(a)-4.7.(d), 4.7.(h). Fig. 4.7.(h)
also illustrate that the designed model can also perform well if battery is required to
charge at other current level. Here the battery reference is varied from 15A to 18A att
= 0.5s. Increasing the battery charging reference current increases the current drawn
from the grid which is also reflected as increased inverter current Fig. 4.7.(d).
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4.3.3 V2G with load and current reference variation

In this mode the battery in the vehicle supplies the load and the surplus energy is fed
into the grid. Fig.4.8 shows the discharging of the battery at 15A current. Fig.4.8.(h)
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represents that the discharging current remains constant irrespective of change in the
load. Here the load is changed at t = 0.35s. It is clear from the Fig.4.8.(a)-4.8.(d) that
when the load is increased the amount of current going into the grid decreases but the
inverter current that depends upon current from the battery remains unaffected. The
Simulink model is well developed to work at other specified current value. Here the
reference current for battery discharging is varied from 15A to 18A at t = 0.5s and as
observed from the Fig.4.8.(h) the model follows the change in reference value. Now
as the discharging current is increased and the load remains constant the current being
fed to the grid increases Fig.4.8.(b).

Conclusion

Modelling and simulation of an on-board bidirectional EV charger has been discussed
in this thesis. The bi-directional charging is obtained via using two converters one
being AC-DC bi-directional converter the other is DC-DC converter. The bidirectional
buck and boost converter is controlled to operate the EV battery in G2V and V2G
modes. Only the output current (battery current) of bidirectional battery side DC-DC
buck and boost converter is found to be continuous. A SOGI controller has been used
to control the grid side converter. Simulink results verifies the desired operation in
both the modes.
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Chapter 5

Performance Evaluation of Buck and Boost Converter under
Distorted Grid Condition

5.1 System Description

Fig.5.1 represents the basic schematic of the model. There are two power converters
shown in the model. One is the grid side bidirectional ac-dc converter and the other
one is dc-dc bidirectional EV-battery side converter. The dc bus is the common link
between both the converters. A linear load (Ry) is also considered on the grid side.

The working of the proposed model can be studied in two modes discussed below in
detail.

The Grid-to-EV-battery (or G2V) mode is first mode. In this mode, the grid supplies
the energy to the load as well as the EV-battery. The power transfer can be explained
as follows. The load is supplied by single-phase grid. The ac voltage is converted to
dc voltage with the implementation of bidirectional ac-dc grid side converter which
acts as a rectifier in this mode, converting the grid voltage into desired dc bus voltage.

After the dc bus there is another power converter circuit as shown in Fig.5.1. This
converter circuit represents bidirectional de-dc converter which steps up or steps down
the dc bus voltage. In Grid-to-Ev-battery mode this bidirectional dc-dc converter acts
as a buck converter. This buck converter steps down the dc bus voltage (400V) and
regulates it to desired EV-battery voltage rating of 280V.

The second mode considered is the vehicle to grid mode (V2G). Here the power is
transferred from the EV-battery to the load and grid. This power transfer is also aided
by two bidirectional converters which are dc-dc bidirectional EV-battery side
converter and the ac-dc bidirectional grid side converter. Here the bidirectional dc-dc
converters work as a boost converter boosting the voltage from EV-battery level of
280V to the common dc bus voltage level of 400V. The second power converter is the
bidirectional grid side ac-dc converter. In this mode this converter acts as an inverter
converting the dc bus voltage to ac grid voltage. This converter distributes the energy
from the EV-battery to the load and the surplus energy is then given to the grid.

The converter’s control strategies are discussed in detail. There are two controllers for
each of the converters and the designed control algorithm is studied in the following
sub-sections.
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Fig.5.1. Complete system diagram with both the bidirectional converters.

5.2 Converter Control

in this section the converter control is explained.

5.2.1 EV-Battery side converter control

Since the EV-Battery side converter in this model is the same as in chapter 4, the
control technique remains the same. Hence to avoid repetition the buck and boost
control is not re-written here.

5.2.2 Grid side converter control

Unlike the previous control here we use two SOGI controller. One of the SOGI is used
to generate the I as in chapter 4. The other one is use to generate the unit template.

The unit template control strategy is commonly used in AC-DC converters to regulate
the output voltage and improve power quality. It works by extracting a reference signal
from the input AC voltage, which is then used to generate a controlled switching
pattern for the bidirectional AC-DC converter. This method helps in achieving power
factor correction (PFC) and reducing harmonics in the system.

For EV chargers, unit template control is particularly useful in bidirectional charging
systems (G2V and V2G modes). It helps in:

e Grid synchronization by ensuring the charger draws current in phase with the
grid voltage.

o Battery charging optimization, ensuring controlled charging and discharging
cycles.

o Bidirectional energy flow, allowing EVs to supply power back to the grid
when needed.
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o Power quality improvement by reducing harmonic distortion at the point of
common coupling (PCC).

As shown in figure 5.2 the SOGI PLL is used to generate the two orthogonal
components i.€ Vapha and Veetn. The working and designing of SOGI are already
discussed in chapter 4. Figure 5.3 shows how to obtain the Unit Template from
obtained Vaipha and Vieta.

> Valpha
> Vheta
Fig.5.2. Generation of vaipha and vbewa from SOGI -PLL
Valpha X
gad
>+ )
Vgrid X > Unit
» SOGI sqrt .
Vota ), P+ —{ "1 [P template
X
Fig. 5.3. Method to obtain unit template
The Unit Template (UT) is obtained using equation 5.1.
14
UT = —2he (5.1
Vc?lpha"'vbzeta

This UT is multiplied with Iiotal to obtain reference signal Lrer, as shown in equation 5.2,
which is compared with the grid current to generate the switching pulses as in figure
5.4.
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Iref = ltotar * UT (5.2)

5.3 Results Analysis

The results section is studied in two modes viz. charging as well as discharging. The
first section depicts the charging of the EV-battery. The direction of power flow is from
grid to EV-battery via bidirectional ac to dc converter and bidirectional dc to dc
converter. The grid in this case supplies energy to the load and the EV-battery.

The second section depicts the discharging of the EV-battery. The power flow is
reversed this time, from EV-battery to the grid as well as to the load. Stored energy in
the battery is dissipated in the load and surplus energy (if any) is given to the grid.

Results in each of the modes are shown and discussed in detail.

5.3.1 Charging Mode:

Results for this mode are shown by Fig.5.5 and can be studied in five parts in different
durations.

A. Duration 1: 0.2s <t < 0.3s

In this duration normal charging operation is shown. As grid is supplying power to the
load, we can observe that the grid voltage and grid current are in the same phase as in
Fig.5.5.(a,b). It can be observed that the grid current and grid voltage are purely
sinusoidal. The current in the bidirectional ac-dc grid side converter is also maintained
sinusoidal Fig.5.5.(d). The DC bus voltage is maintained at 400V Fig.5.5.(e), EV-
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battery charging current is 10A as in Fig. 5.5.(f) (negative current represents charging
of battery) and the battery is getting charged.

B. Duration 2: 0.3s <t < 0.4s

In this duration, load change condition is studied when grid is normal i.e. no harmonics
are present in the grid side. Within this duration, Fig.5.5 shows clearly that as load is
increased the grid current drawn from the grid has increased. Though the grid current
and load current have changed, the charging current for the EV-battery remains
unaffected and is constant at 10A. The DC link voltage is regulated to 400V which is
the selected reference value. This suggests that our system is operating under desirable
condition.

C. Duration 3: 0.4s <t < 0.6s

In this duration, the harmonics effects in grid voltage are considered. The harmonics
effects are realized by using a programmable supply with harmonics injected into the
grid. At t = 0.4s, the harmonics injected into the grid can be observed from Fig.5.5.
The grid voltage becomes distorted at t = 0.4s due to the effect of harmonics at the grid
side. From the figure it can also observed that these harmonics also flow into the load
as load current also becomes distorted at this instant. But it can be observed that these
harmonics don’t distort the grid current and EV-battery charging current. This is due
to the designed SOGI controller which acts as a phase locked loop as well as for
reference current generation. It can be observed from Fig. 5.5.(b). that the grid side
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AC-DC Bidirectional converter current remains pure sinusoidal. Thus, harmonics do
not mitigate into the grid current as well as EV-battery charging current. EV-battery
charging current also remains unaffected or undistorted from the effects of grid side
harmonics as there is no distortions seen in the EV-battery charging current waveform
of the Fig. 5.5.(%).

D. Duration 4: 0.6s <t <0.7s

During this duration, performance of the system is verified under load variations. It
can be observed from Fig. 5.5(a) that waveform of grid voltage “vgriq” is still distorted.
Since the load is decreased the current from the grid current also decreases. This can
be verified from the grid current waveform “igrig”” and load current waveform “iroad”.
This load change has no effect on EV-battery charging dynamics which is constant at
-10A.

E. Duration 5: 0.7s <t < 0.8s

In this duration, the simulated harmonic effects are removed and the normal operating
condition is restored. Thus, the grid voltage and grid current waveforms are sinusoidal
and load current is sinusoidal as well. The current through the AC-DC bidirectional
grid side converter is also sinusoidal. The battery is being charged with constant DC
current of 10A without any distortions.

The performance study depicted from t=0.2s to t=0.8s depicts the system operation is
stable irrespective of load change or harmonics on the grid side. The EV- battery
charging current remains undisturbed due to disturbance on the grid side. The designed
SOGI controllers are performing the control actions satisfactorily.

5.3.2 Discharging Mode

Performance results for this mode of operation are shown in Fig.5.6. The following
sub-section gives detailed understanding of this mode under load changes and grid
abnormalities.

A. Duration 1: 0.2s <t < 0.3s

In this duration, normal grid is considered and discharging operation is shown. As the
EV-battery is supplying power to the load as well as to the grid, it can be observed that
the grid voltage and grid current are in opposite phase. It can be observed that the grid
voltage and grid current are purely sinusoidal. The current in the bidirectional ac-dc
grid side converter is also maintained sinusoidal, this current is also in anti-phase to
grid voltage which assures energy is being transferred from the EV-battery side to grid
and load side. The DC bus voltage is maintained at 400V, EV-battery discharging
current is 10A (the positive value of current indicates the current flowing out of the
battery in other words battery is delivering the energy).
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B. Duration 2: 0.3s <t < 0.4s

In this duration, load change condition is simulated when grid is normal that is no
harmonics are present in the grid voltage. During this duration, Fig. 5.6 depicts that as
the load is increased (increased ‘iroad’) the grid current (‘igria’) decreases. This is
because the discharging current from the EV-battery is constant DC at 10A flowing
from the battery, as more current flows into the load, the current going into the grid
decreases. This suggests that our system is operating under desirable conditions.

C. Duration 3: 0.4s <t < 0.6s

In this subsection the harmonics effects in grid voltage are considered. The harmonics
effects are realized by simulating harmonics into the grid. At t= 0.4s, the harmonics
are injected to the grid as observed in Fig. 5.6. The effect of the harmonics can be
observed in the grid voltage. The grid voltage becomes distorted at t=0.4s due to the
effect of harmonics in the grid side. From the figure, it can also be observed that these
harmonics also flow into the load as load current also becomes distorted at this instant.
But, these harmonics don’t distort the EV-battery discharging current (‘Iga’) and grid
current (‘igria’) due to appropriate controller action. The results in Fig. 5.6 show that
the grid current and grid side AC-DC Bidirectional converter current(‘iiny’) remains
pure sinusoidal even under the influence of harmonics. EV-battery discharging current
also remains unaffected or undistorted from the effects of grid side harmonics as there
are no distortions seen in the EV-battery discharging current waveform of the Fig. 5.6.
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D. Duration 4: 0.6s <t <0.7s

This duration is to re-verify that system is operating in good desired condition if there
are any load variations. As observed from the figure during 0.6s < t < 0.7s, the
waveform of grid voltage “vgiqa” shows the presence of distortions. Since the load is
decreased the current going into the grid increases as the discharging current from the
EV-battery is maintained constant at 10A. This can be verified from the grid current
waveform ‘igria’, load current waveform ‘irLoad’” and EV-battery discharging current

‘IBat’.

E. Duration 5: 0.7s < T < 0.8s

In this duration, at t = 0.7s, the simulated harmonics effects are removed and the
normal operating condition is restored. The grid voltage and grid current waveforms
are sinusoidal as well in anti-phase and load current as well is sinusoidal. The current
through the AC-DC bidirectional grid side converter is also sinusoidal. The battery is
being discharged with constant DC current of 10A without any distortions.

During all the time durations from t=0.2s to t=0.8s, the developed system operation is
stable irrespective of load change or harmonics on the grid side. The EV- battery
discharging current remains undisturbed due to disturbance on the grid side. The DC
link voltage is stabilized and regulated at 400V.

CONCLUSION

A bidirectional on-board charger has been proposed in this paper. The control
algorithm is based on SOGI control and it is developed such that the harmonic
disturbances on the grid side are not reflected on the grid current as well as charging
and discharging current of the battery. Design of SOGI controller is proposed for
determining the fundamental current component as well as a phase locked loop. The
simulated performance results have been shown for a bidirectional buck & boost
converter as well as AC-DC bidirectional converter. Simulation studies are performed
under load variations as well as grid abnormalities to verify the operation of the
proposed model. The results show the effectiveness of the proposed controller in both
the operating modes.
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Chapter 6

Performance Analysis of Grid Connected EV Charger using
Bidirectional Cuk Converter

6.1 System configuration

The suggested configuration is represented in Fig.6.1. The system is made up of two
bidirectional converters, the first is Grid Side Converter (GSC) and the second is
Battery Side Converter (BSC). Both the bidirectional converters interact with each

other via a common DC link having DC link voltage of Vpc

In G2V mode, the bidirectional AC-DC grid side converter (GSC) feeds energy to the
battery through a DC link capacitor by acting as a rectifier. On the other hand, in V2G
mode the load is fed by the battery and the remaining energy is fed into the grid. A
bidirectional Cuk converter is used to connect the DC link and the battery of the EV.
The bidirectional Cuk converter can run in either of the two modes i.e., in buck or
boost mode. In G2V mode, the DC-DC Cuk converter is utilized as to charge the
battery at constant DC current, here the Cuk converter works in buck mode. The

bidirectional Cuk converter operates in boost mode in V2G mode, supplying energy to

the load and grid.
BIDIRECTIONAL BIDIRECTIONAL
___6sc___  _____1 BSC_ _ _ _ _ _
igrid Ls Le r I | |
| Lt LG k2
— 'S, S, T ] -
Linverter _| : : IL1 IC, IL2 | T Io
|
| Cy i
@ N I== | Ss)d T : = V.
Veri | H N 1
grid } S, K | Vdc: Se : +
| | I
\-I | : | | ICz | llbat
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| > || I I I
e e e e e e e e e e e e — —
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Fig.6.1 System configuration with cuk converter.

The battery with bidirectional BSC is connected at DC link of GSC. Further, the
interfacing inductor Lc with GSC is connected at common point of the load and the
grid.
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6.2 controller design

Design of controller for Battery Side Converter and Grid Side Converter is discussed
in this section.

6.2.1 BSC (Battery Side Converter)

A. Charging mode

In charging mode, the charging current of the BSC is controlled by controlling the
current in inductor L; current (Ir1) as seen in Fig 6.2.(a). The average inductor current
IL1 is equal to the average current input to the converter. Therefore, I is calculated as
follows.

Assuming efficiency to be 100%,

Pin = Pout (6.1)

Vac * 1 = Vpar * 1o (6.2)
Vbat*lo

I, = —bV;C (6.3)

ILirer 1s the reference current and is compared with the actual inductor current I to
obtain an error signal. A PI controller receive this error. A comparator receives the PI
controller’s output along with triangular switching sequence at the frequency of 10
kHz. The, control scheme in charging mode is depicted in Fig. 3(a). The output of the
comparator is used as the gating pulse for switch Ss of the cuk converter and the

negation of this signal is used as the gating pulse for switch Se.

I

Lrd PI —{ comparator SS
Switching
sequence

Fig. 6.2.(a). G2V (charging) mode control

B. Discharging Mode

The, control scheme in discharging mode is shown in Fig.6.2.(b). Battery current (Ipat)
and the reference current (Ipawef) are compared to get an error signal which is fed into
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a PI controller. A comparator receives the PI controller’s output along with carrier
signal at the frequency of 10 kHz. The output of the comparator is used as the gating
pulse for switch Ss of the cuk converter and the negative of this signal is used as the
gating pulse for switch S.

Ibref
PI —»{ comparator

Switching
sequence

Fig. 6.2.(b). V2G (discharging) mode control

6.2.2 GSC (Grid Side Converter)

The control is similar to chapter 4, though a short discussion is done in this sub-section.

Ialpha lx | " .
X fund . —>
fioad |_> >t sqrt I Lo X Ef» HCySterestls 9
2, S0GI N — utren _>s3
bm|_i S g b >t T controller —» g4
Sine
Vdc."ef Iloss Template lgrid
PI
Vdc_meas

Fig. 6.3. Control for grid side converter

The switching pulses are generated from the hysteresis controller whose inputs are grid
current igria and reference current irer. The reference current is generated from the load
current i0ad. With the help of SOGI quadrature signal lapha and Ieta are generated. Then
with the help of these signal fundamental current Ifuna is obtained as shown in the figure
6.3. This signal is added with the loss current Iioss to consider the losses occurring in
the bidirectional ac-dc GSC, to finally obtain the liota. This signal is multiplied with a
sine template which is generated using the grid voltage in order to maintain unity form
factor.
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6.3 Results analysis

A Simulink model is developed and analysis under G2V and V2G is tested. A detailed
discussion is discussed in following sections:

6.3.1 Charging and Discharging mode

The Simulink model simulation results for grid voltage, grid current, load current,
inverter current, voltage at DC bus, battery voltage, battery current, %SOC (State Of
Charge), and current through inductor L; is shown in Fig.6.4, for both the modes G2V
as well as V2G mode. The bidirectional cuk converter is designed for DC bus voltage
of 400V, battery rating is selected as 280V, 25Ah.
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As seen from Fig. 6.4.(a) the grid voltage and grid current are in same phase in
charging i.e., G2V mode which states that power is being supplied from grid to battery.
Also, at some instant (t=0.55s) the model is made to operate in V2G i.e., battery
discharging mode. It can from Fig. 6.4.(a) that the grid current is now in phase
opposition to grid voltage, which states that battery is supplying current to the grid,
hence the energy flow occurs from battery to grid. Also, while charging (from time t =
0Os to time t = 0.55s) the battery current is negative Fig.6.4.(f) which is an indicator of
battery being charged on the other hand while discharging (from time t = 0.55s to time
t = 0.7s) the battery current is positive. Fig.6.4.(f) shows battery is being discharged
and the battery current is continuous in nature.
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Fig.6.5.(a)-(h) shows the waveforms for different elements present in the bidirectional
cuk converter. Fig. 6.5(b) indicates almost negligible ripple in input source side
current. From Fig6.5(f, g) we can say that the current in the output has less ripple. That
is ripple on both the input and output is very less and hence the filter requirement for
the converter is small and less expensive. Fig. 6.5(b) shows that the DC side current
which is input to the Cuk converter is continuous.

This is in contrast to the input current of the DC-DC buck and boost converter used
earlier in chapter 4. As seen from the Fig.6.5 the input current is discontinuous in
nature. This demands for a filter at the input side of the buck and boost converter.

30 | | | 1
0.3 035 04 045 05 0.55 0.6 0.65 07

time (secs)

Fig.6.6. Input current waveform of the buck and boost converter in charging and discharging mode.
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6.3.2 G2V with load and current reference variation

The model is designed to charge the battery with 15 A current. In the Fig.6.7, the load
is changed at t = 0.35s, the Fig. 6.7.(f) shows even if there are load changes the
designed model can still charge the battery at designed value of current. Increasing the
load increases the power demand from the grid as a result more current is drawn, from
the grid, also changing the load should not affect the charging current of the battery,
both of these statements are verified from the Fig.6.7.(a)-6.7.(c), 6.7.(f). Fig. 6.7.(f)-
6.7.(h) also illustrate that the designed model can also perform well if battery is
required to charge at other current level. Here the battery reference is varied from 15A
to 18A at t = 0.5s. Increasing the battery charging reference current increases the
current drawn from the grid which is also reflected as increased inverter current Fig.
6.7.(c). The battery current is controlled indirectly via controlling the current in the
first inductor (L1) of the bidirectional Cuk converter. Therefore, the inductor current
(IL1) is changed from 10.5A to 12.6A (this value is calculated using equation 6.3) as
shown in Fig.6.7(h).
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6.3.3 V2G with load and current reference variation

In this mode the battery in the vehicle supplies the load and the surplus energy is fed
into the grid. Fig.6.8 shows the discharging of the battery at 15A current. Fig.6.8(f)
represents that the discharging current remains constant irrespective of change in the
load. Here the load is changed at t = 0.35s. It is clear from the Fig. 6.8(a)-6.8(c) that
when the load is increased the amount of current going into the grid decreases but the
inverter current that depends upon current from the battery remains unaffected. The
Simulink model is well developed to work at other specified current value. Here the
reference current for battery is varied from 15A to 18A at t =0.5s and as observed from
the Fig.6.8.(f) the model follows the change in reference value. Now when discharging
current is increased since, the load is constant the current being fed to the grid increases
Fig.6.8s.(a).
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Conclusion

Modelling and simulation of an on-board bidirectional EV charger has been discussed
in this thesis. The bi-directional charging is obtained via using two converters one
being AC-DC bi-directional converter the other is DC-DC converter. The bidirectional
cuk converter is controlled to operate the EV battery in G2V and V2G modes. Both
input and output current of bidirectional battery side Cuk converter is found to be
continuous (in contrast to the input current waveform of buck and boost converter,
where the current is discontinous). SOGI controller have been used to control the grid
side converter. Simulink results verify the desired operation in both the modes.
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Chapter 7

Performance Evaluation of Cuk Converter under Distorted Grid
Condition

7.1 System Description

Fig.7.1 represents the basic schematic of the model. There are two power converters
present in the model. One is the grid side bidirectional ac-dc converter (GSC) and the
other one is dc-dc bidirectional EV-battery side converter (BSC). The dc bus is the
common link between both the converters. A linear load (Rvy) is also considered on the
grid side.

The working is similar to that explained in chapter 5. The difference being that the
DC-DC bidirectional buck and boost converter is replaced via a DC-DC bidirectional
Cuk converter in this study.
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Fig.7.1 Proposed system for studying distorted grid effect with cuk converter

The polluted grid block contains of harmonics which use to simulate distorted grid
condition. The effect of this block is controlled via the switch Sg. This switch is ON in
the interval t=0.4 to t = 0.7.

7.2 Controller Working

There are two controller one each for each of the bidirectional converters.

7.2.1 BSC (battery side converter)

The control algorithm for the BSC i.e bidirectional cuk converter is same as discussed
in chapter 6 under the sub heading 6.2.1. In this chapter only the operating condition
differs from the chapter 6 and hence the output current reference (I,) while discharging,
and the input inductor current (IL1) while charging changes. Here the battery current is
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kept at an absolute value of 10Amps both while charging and discharging. Therefore,
while charging the input inductor current reference is set to IL.1=10. Which is calculated
from the equation 6.3

Ipirer = Vb;‘—;:lo (from eq 6.3)
280+10
ILlref = 200 =7A (7.1)

And, while discharging the reference output current is set to Iorer=-10A.

7.2.2 Grid side converter (GSC)

The grid side converter remains the same as in chapter 5 and though for a fast recall it
is shortly discussed here.

7.3 Result Analysis

The results section is studied in two modes viz. charging as well as discharging. The
first section depicts the charging of the EV- battery. The direction of power flow is
from grid to EV-battery via bidirectional ac to dc converter and bidirectional dc to dc
converter. The grid in this case supplies energy to the load and the EV-battery.

The second section depicts the discharging of the EV-battery. The power flow is
reversed this time, from EV-battery to the grid as well as to the load. Stored energy in
the battery is dissipated in the load and surplus energy (if any) is given to the grid.

Results in each of the modes are shown and discussed in detail.

7.3.1 Charging Mode

Results for this mode are shown by Fig.7.2 and can be studied in five parts in different
durations.

A. Duration 1: 0.2s <t < 0.3s

In this duration normal charging operation is shown. As grid is supplying power to the
load, we can observe that the grid voltage and grid current are in the same phase as in
Fig.7.2.(a,b). It can be observed that the grid current and grid voltage are purely
sinusoidal. The current in the bidirectional ac-dc grid side converter is also maintained
sinusoidal Fig. 7.2.(d). The DC bus voltage is maintained at 400V Fig. 7(e), EV-battery
charging current is 10A as in Fig.7.2.(f) (negative current represents charging of
battery) and the battery is getting charged.

46



= 0 e

Harmonics Insertion ) Harmonies Removal

1 ]

oad Change
i ﬂL\/\/\/\/E\V\/\/\/\/\/\/\/\/\/\/\/\/W\/VVVV\/\/\/\/\/\;
- Yo Change

-1
(¢)
Rl —
-3 .
(d)

500

—C

— fat

02 03 04 05 06 07 08
(h)

Fig.7.2. Charging condition waveform with cuk converter (a) Vgrid, (b) iload (¢) Tioad (d) iinv (€) Vbc (f) Tvat (g)
Vbat

B. Duration 2: 0.3s <t <0.4s

In this duration, load change condition is studied when grid is normal i.e. no harmonics
are present in the grid side. Within this duration, Fig.7.2 shows clearly that as load is
increased the grid current drawn from the grid has increased. Though the grid current
and load current have changed, the charging current for the EV-battery remains
unaffected and is constant at 10A. The DC link voltage is regulated to 400V which is
the selected reference value. This suggests that our system is operating under desirable
condition.

C. Duration 3: 0.4s <t < 0.6s

In this duration, the harmonics effects in grid voltage are considered. The harmonics
effects are realized by using a programmable supply with harmonics injected into the
grid. At t = 0.4s, the harmonics injected into the grid can be observed from Fig.7.2.
The grid voltage becomes distorted at t = 0.4s due to the effect of harmonics at the grid
side. From the figure it can also observed that these harmonics also flow into the load
as load current also becomes distorted at this instant. But it can be observed that these
harmonics don’t distort the grid current and EV-battery charging current. This is due
to the designed SOGI controller which acts as a phase locked loop as well as for
reference current generation. It can be observed from Fig.7.2.(b). that the grid side AC-
DC Bidirectional converter current remains pure sinusoidal. Thus, harmonics do not
mitigate into the grid current as well as EV-battery charging current. EV-battery
charging current also remains unaffected or undistorted from the effects of grid side
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harmonics as there is no distortions seen in the EV-battery charging current waveform
of the Fig.7.2.(%).

D. Duration 4: 0.6s <t <0.7s

During this duration, performance of the system is verified under load variations. It
can be observed from Fig.7.2.(a) that waveform of grid voltage “vrid” is still distorted.
Since the load is decreased the current from the grid current also decreases. This can
be verified from the grid current waveform “igriq”” and load current waveform “iroad”.
This load change has no effect on EV-battery charging dynamics which is constant at
-10A.

E. Duration 5: 0.7s <t <0.8s

In this duration, the simulated harmonic effects are removed and the normal operating
condition is restored. Thus, the grid voltage and grid current waveforms are sinusoidal
and load current is sinusoidal as well. The current through the AC-DC bidirectional
grid side converter is also sinusoidal. The battery is being charged with constant DC
current of 10A without any distortions.

The performance study depicted from t=0.2s to t=0.8s depicts the system operation is
stable irrespective of load change or harmonics on the grid side. The EV- battery
charging current remains undisturbed due to disturbance on the grid side. The designed
SOGI controllers are performing the control actions satisfactorily.

7.2.2 Discharging Mode

Performance results for this mode of operation are shown in Fig.7.3. The following
sub-section gives detailed understanding of this mode under load changes and grid
abnormalities.

A. Duration 1: 0.2s <t < 0.3s

In this duration, normal grid is considered and discharging operation is shown. As the
EV-battery is supplying power to the load as well as to the grid, it can be observed that
the grid voltage and grid current are in opposite phase. It can be observed that the grid
voltage and grid current are purely sinusoidal. The current in the bidirectional ac-dc
grid side converter is also maintained sinusoidal, this current is also in anti-phase to
grid voltage which assures energy is being transferred from the EV-battery side to grid
and load side. The DC bus voltage is maintained at 400V, EV-battery discharging
current is 10A (the positive value of current indicates the current flowing out of the
battery in other words battery is delivering the energy).

B. Duration 2: 0.3s <t < 0.4s

In this duration, load change condition is simulated when grid is normal that is no
harmonics are present in the grid voltage. During this duration, Fig.7.3.(b) &
Fig.7.3.(c) depicts that as the load is increased (increased ‘iroad’) the grid current
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(“igria”) decreases. This is because the discharging current from the EV-battery is
constant DC at 10A flowing from the battery, as more current flows into the load, the
current going into the grid decreases. This suggests that our system is operating under
desirable conditions.
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Fig.7.3 Disharging condition waveform with cuk converter (a) vgid, (b) iload () Tioad (d) iinv (€) Vbc (f) Tvat (g)
Vbat

C. Duration 3: 0.4s <t < 0.6s

In this subsection the harmonics effects in grid voltage are considered. The harmonics
effects are realized by simulating harmonics into the grid. At t = 0.4s, the harmonics
are injected to the grid as observed in Fig.7.3.(a). The effect of the harmonics can be
observed in the grid voltage. The grid voltage becomes distorted at t=0.4s due to the
effect of harmonics in the grid side. From the figure, it can also be observed that these
harmonics also flow into the load as load current also becomes distorted at this instant.
But, these harmonics don’t distort the EV-battery discharging current (‘Iga’) and grid
current (‘igia’) due to appropriate controller action. The results in Fig.7.3.(b) & (c)
show that the grid current and grid side AC-DC Bidirectional converter current(‘iiny’)
remains pure sinusoidal even under the influence of harmonics. EV-battery discharging
current also remains unaffected or undistorted from the effects of grid side harmonics
as there are no distortions seen in the EV-battery discharging current waveform of the
Fig.7.3.
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D. Duration 4: 0.6s <t<0.7s

This duration is to re-verify that system is operating in good desired condition if there
are any load variations. As observed from the figure during 0.6s < t < 0.7s, the
waveform of grid voltage “vgiqa” shows the presence of distortions. Since the load is
decreased the current going into the grid increases as the discharging current from the
EV-battery is maintained constant at 10A. This can be verified from the grid current
waveform ‘igria’, load current waveform ‘irLoad’” and EV-battery discharging current

‘IBat’.

E. Duration 5: 0.7s < T < 0.8s

In this duration, at t = 0.7s, the simulated harmonics effects are removed and the
normal operating condition is restored. The grid voltage and grid current waveforms
are sinusoidal as well in anti-phase and load current as well is sinusoidal. The current
through the AC-DC bidirectional grid side converter is also sinusoidal. The battery is
being discharged with constant DC current of 10A without any distortions.

During all the time durations from t = 0.2s to t = 0.8s, the developed system operation
is stable irrespective of load change or harmonics on the grid side. The EV- battery
discharging current remains undisturbed due to disturbance on the grid side. The DC
link voltage is stabilized and regulated at 400V.

CONCLUSION

A bidirectional on-board charger has been proposed in this paper. The control
algorithm is based on SOGI control and it is developed such that the harmonic
disturbances on the grid side are not reflected on the grid current as well as charging
and discharging current of the battery. Design of SOGI controller is proposed for
determining the fundamental current component as well as a phase locked loop. The
simulated performance results have been shown for a bidirectional buck & boost
converter as well as AC-DC bidirectional converter. Simulation studies are performed
under load variations as well as grid abnormalities to verify the operation of the
proposed model. The results show the effectiveness of the proposed controller in both
the operating modes.

To summarize the comparison between both the converters has been provided in the
following table:

50



Table III: Comparison between bidirectional DC-DC converters

S.No Parameter Bidirectional Cuk | Bidirectional Buck-Boost
Converter Converter
1. | Topology Utilizes two inductors, one | Single inductor topology
capacitor for energy transfer
2. | Energy Transfer | Energy is transferred via a | Energy is transferred via
capacitor inductor
3. | Voltage Polarity | Output voltage is inverted | Output voltage is non-
(opposite polarity to input) | inverted
4. | Continuous Yes — due to presence of | No — output or input current
Input/Output inductors on both sides may be discontinuous
Current
5. | Component Higher - requires two | Lower — requires one
Count inductors and one coupling | inductor
capacitor
6. | Efficiency Moderate — increased losses | Generally higher due to
due to more components | fewer components and
and coupling capacitor reduced conduction paths
7. | Voltage Gain | Wide — can operate in buck, | Also wide — operates in
Range boost, and  buck-boost | buck-boost mode
modes
8. | Control More complex due to | Relatively simple
Complexity coupling capacitor and
continuous conduction
requirement
9. | Size and Weight | Larger — more passive | Compact - fewer
components components
10. | Ripple Lower input and output | Higher ripple, especially in
Characteristics current ripple output current
11. | EMI Lower - continuous | Higher — discontinuous
(Electromagnetic | currents reduce EMI current leads to increased
Interference) EMI
12. | Stress on | Stress shared across | Switches endure full load
Components components (but added | current and voltage stress

capacitor voltage stress)
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13. | Cost Higher — due to additional | Lower - minimal
passive components components
14. | Bidirectional Supports power flow in both | Supports bidirectional
Control directions, with  proper | operation  with  proper
switch control control
15. | Suitability  for | Better suited for | Suitable for simpler EV
EV Applications | applications where ripple | charging systems  with

current must be minimized

size/efficiency constraints
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Conclusion and Future Scope
In this chapter conclusion from each chapter is summarized and also works of the
future scope is discussed.
Chapter 1: This chapter discusses the importance of EV’s. It also suggests how the
battery can be used to support the grid. Later it mentions the importance of
bidirectional converters in onboard chargers.
Chapter 2: This chapter presents a through literature survey on the existing DC-DC
converters topology. It also mentions different configurations such as (single phase
VSC, three phase VSC, and Multilevel inverter), single phase grid connected EV
charging system, three phase grid connected solar PV and EV charging systems. This
chapter also discusses literature survey regarding different control algorithms under
various grid (single phase and three phase conditions). It discusses about the cuk
converter and bidirectional buck and boost converter control.
Chapter 3: This chapter includes the detailed design aspects of different converter
configurations. The design of bidirectional buck and boost converter. The design of
bidirectional cuk converter. Operation of the converter in different switch condition is
studied.
Chapter 4: In this chapter an on-board charger model is purposed. The designed
system is modeled in MATLAB/Simulink. Control schemes for the grid and battery
side converter 1s discussed. Performance in charging and discharging condition, under
load variation and reference variations are studied for the bidirectional buck and boost
converter and conclusions are made.
Chapter 5: This chapter discusses the behaviour of the bidirectional buck and boost
dc-dc converter under distorted grid condition. The designed system is modeled in
MATLAB/Simulink. Detailed design of GSC with SOGI PLL has been presented.
Chapter 6: This chapter presents the behaviour of the proposed model with the
bidirectional dc-dc cuk converter. Control of the EV-Battery side converter under
charging and discharging condition is presented. Simulation results are also presented
and analyzed. Waveforms for buck and boost converter and cuk converter are
compared with the cuk converter. Performance analysis under varying load condition
and reference charging current is presented.

Chapter 7: This chapter discusses the performance of cuk converter with distorted
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grid. The desired system is modelled in MATLAB/Simulink. Performance analysis
under varying load condition is done for V2G and G2V operations. A comparison
between both the bidirectional buck and boost and cuk converter done within this

chapter.

Scope of Future Work:

The research presented in this thesis on bidirectional onboard chargers with advanced
control strategies represents a significant contribution to the field of electric vehicle
power electronics. However, the rapidly evolving landscape of electric vehicle
technology, smart grid integration, and power semiconductor advancements presents
numerous opportunities for future research and development. This chapter outlines the
potential directions for extending the current work, incorporating emerging
technologies, and addressing the evolving challenges in electric vehicle charging
systems.

Model Predictive Control Implementation

While the current thesis employs PI control for DC-DC converter management and
hysteresis control for AC-DC conversion, future developments should explore Model
Predictive Control (MPC) strategies. MPC offers superior performance in handling the
complex multi-objective optimization problems inherent in bidirectional charging
systems. The integration of MPC with the existing SOGI PLL framework could enable
more sophisticated grid synchronization under distorted conditions, building upon the
harmonic rejection capabilities demonstrated in this thesis.

Enhanced Grid Integration and Vehicle-to-Everything (V2X) Capabilities

The bidirectional nature of the converters studied in this thesis positions them ideally
for Vehicle-to-Grid (V2G) and broader Vehicle-to-Everything (V2X) applications.
Advanced V2X integration would enable the onboard charger to participate in virtual
power plants, energy arbitrage, and emergency power provision during grid
outages. The SOGI PLL system implemented for grid synchronization could be
enhanced to support multiple grid codes and standards, enabling seamless operation
across different electrical networks. Future research should investigate the integration
of machine learning algorithms with the existing control framework to predict optimal
charging and discharging schedules based on grid conditions, energy prices, and user
behaviour patterns.

Wireless and Dynamic Charging Integration

The future of onboard charging systems must accommodate wireless charging
technologies, which eliminate physical connections and enable dynamic charging
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during vehicle operation. The bidirectional converter topologies studied in this thesis
could be adapted to support wireless power transfer, requiring modifications to the
AC-DC conversion stage to handle the specific frequency and power characteristics of
inductive charging systems.

This technology would require significant enhancements to the current control
strategies, particularly in handling rapidly changing power levels and maintaining
stable operation during varying coupling conditions. The hysteresis control method
employed for the AC-DC converter could be modified to accommodate the variable
frequency and power characteristics inherent in dynamic wireless charging systems.

Intelligent Battery Management Integration

The CMC strategy employed in this thesis for battery charging current control
represents a foundation for more sophisticated battery management systems. Future
developments should integrate advanced battery modeling and state estimation
algorithms to optimize charging and discharging profiles based on real-time battery
condition assessment. This could include temperature-compensated charging
algorithms, state-of-health monitoring, and predictive maintenance capabilities.

The bidirectional nature of the Cuk converter studied in this thesis makes it particularly
suitable for implementing advanced battery balancing strategies. Future research could
explore the use of the converter for active cell balancing during both charging and
discharging operations, potentially extending battery life and improving overall system
efficiency.
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