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Abstract

This thesis proposes an improved topology for an isolated bidirectional resonant
dc-dc converter for electric vehicle (EV) onboard chargers. As opposed to the con-
ventional capacitor-inductor-inductor-inductor-capacitor (CLLLC) resonant con-
verter, the proposed converter’s resonant circuit is composed of a capacitor-inductor-
inductor-inductor (CLLL) structure, whose inductances, except the capacitor, can
be fully integrated with the leakage and mutual inductances of the high-frequency
(HF) transformer. Therefore, this offers a smaller size, lower costs, minimal power
loss, and eventually higher efficiency. Again, the proposed converter design is
based on wide bandgap (WBG) transistor switches that operate at MHz-level
switching frequency to achieve high power density, high efficiency, and high com-
pactness. To assure closed-loop control of the proposed CLLL converter, a discrete-
time proportional integral derivative (PID) controller has first been designed using
the phase-shifted pulse width modulation (PSPWM) method. The genetic algo-
rithm (GA) and particle swarm optimization (PSO) algorithms have both been
used to optimize the PID controller parameters and a comparison between the
two algorithms have been provided. Second, an intelligent controller based on
deep reinforcement learning (DRL) has been proposed to automate the controller
process. A comparison of the DRL and PID controllers has also been provided,
and the DRL controller performed better than the conventional PID controller.
To achieve fast switching with very little switching loss, the converter is simulated
with several Wide Bandgap (WBG) switching devices. A performance compar-
ison with conventional Si-based switching devices is also provided. An accurate
power loss model of the switching devices has been developed from the manufac-
turer’s datasheet to achieve the perfect thermal design of the converter. A 5 kW

CLLL converter with an input range of 400 − 460 V direct current (DC) and an
output range of 530 − 610 V DC and a switching frequency of 1 MHz has been
designed and investigated under various loading scenarios. Gallium Nitride (GaN)
switching device-based designs achieved the highest levels of efficiency among the
switching devices. The efficiency of this device is 97.40 percent in forward mode
and 96.67 percent in reverse mode.

xv
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Chapter 1

Introduction

This chapter describes the rationale behind the quest for high-performance, iso-
lated bidirectional resonant converters for use in onboard chargers for electric ve-
hicles (EVs) and covers some of the strategies and techniques used by researchers
to improve the performance of currently available resonant converters. Lastly, the
objective and outline of the thesis will be explained.

1.1 Electric Vehicles

Electric vehicles (EVs), an eco-friendly automotive alternative, are growing quickly
in popularity worldwide. Countries all over the world are promoting this initia-
tive through a variety of strategies, including tax incentives, VAT exemption,
decreased license tax, purchase aids, toll exemption, free public parking, etc. The
adoption of EVs over conventional internal combustion engine (ICE) vehicles has
been accelerated for a variety of reasons. These are:

• Fossil Fuel Depletion: Fossil fuel reserves are running out globally. As a
result, there is a shortage of fossil fuels. The cost of fossil fuels is also
significantly rising.

• Zero Emission: Unlike conventional ICE vehicles, EVs don’t produce any
air pollutants like carbon dioxide (CO2), nitrogen oxides (NOx), carbon
monoxide (CO), sulfur dioxide (SO2), or particulate matter (PM), etc.

• Advances in Supporting Technology: Grid-to-Vehicle (G2V) and Vehicle-to-
Grid (V2G) systems, as well as renewable energy technologies, assisted in the
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growth of EVs. The rapid growth of EVs was aided by the development of
EV charging technologies and electronic control systems for EV propulsion.

All of these factors have contributed to a significant increase in the number of
global EV sales, particularly in the previous two years, as shown in Figure 1.1 and
Figure 1.2 [1].

Figure 1.1: Changes in the global sales of electric vehicles [1].

Figure 1.2: Global monthly plug-in EV sales and year-to-year growth [1].
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1.2 Electric Vehicles Types

We can categorize EVs into five different types based on their engine technology.
Following is a brief overview of these types:

• Battery Electric Vehicles (BEVs): This is a fully electric vehicle that is
powered entirely by electricity. It can move without using any ICE or liquid
fuel. BEVs are consequently better for reducing global warming and climate
change. Large battery packs are used to power the vehicle. Regenerative
braking is a feature of BEVs that converts kinetic energy back into electrical
energy that can be retained by the battery. Consequently, EVs are preferable
for city driving since city driving frequently involves starting and stopping,
which causes the vehicle to recover part of the kinetic energy into the battery.
Figure 1.3 depicts the structure and essential elements of a BEV [2]. A
typical BEV can go 95 to 695 kilometers on a single charge. The Ford
Mustang Mach-E, a BEV compact crossover Sports Utility Vehicle (SUV)
manufactured by Ford in December 2020, is an instance of this kind of
vehicle. It presently offers a 68-88 kWh battery that allows consumers to
have an autonomy of 370-483 km. The vehicle was named the 2021 North
American SUV of the Year.

Figure 1.3: The structure and key elements of a BEV [2].

• Plug-In Hybrid Electric Vehicles (PHEVs): A traditional internal combus-
tion engine and an electric motor, powered by an external electric source
that can be plugged in, work together to drive plug-in hybrid automobiles.
PHEVs have the capacity to store enough grid power to dramatically lower
their fuel use under normal driving circumstances. They have regenerative
braking, just like BEVs. The structure and key components of a PHEV are
shown in Figure 1.4 [2]. The 8.8 kWh battery in the Toyota Prius PHEV
enables it to go around 40 km on its electric powertrain alone. It has an
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average driving range of 1030 kilometers. It is also important to note that
PHEVs use more gasoline than car manufacturers claim.

Figure 1.4: The structure and key components of a PHEV [2].

• Hybrid Electric Vehicles (HEVs): HEVs use both an electric motor and
a gas engine to propel the vehicle. Regenerative braking, which recovers
energy normally lost during braking to support the gasoline engine during
acceleration, provides all of the energy for the batteries. This braking energy
often escapes from a standard ICE car as heat in the brake pads and rotors.
Regular hybrids cannot use the grid to recharge, in contrast to PHEVs.
Figure 1.5 illustrates an HEV’s structure and key components [2]. If one can
afford the higher price tag, HEVs are a no-brainer because we don’t have
to worry about finding charging stations or spending extra time powering
up. They are often more expensive than gas-powered automobiles by a few
thousand dollars, but less expensive than PHEVs. For instance, the base
price of a gas-powered Toyota Rav 4 in 2022 is $26,975. The cost of the same
car HEV model is $29,575 while the PHEV model is $40,300. However, it is
simple to see how the expense eventually balances out whenever gas prices
increase.

Figure 1.5: The structure and essential elements of a HEV [2].
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• Fuel Cell Electric Vehicles (FCEVs): These cars are equipped with an electric
motor that burns a combination of compressed hydrogen and oxygen that is
taken from the air, with water being the sole waste product. Despite the fact
that these vehicles are regarded as having “zero emissions,” it is important
to note that while there is green hydrogen, the majority of the hydrogen
consumed is produced from natural gas. Figure 1.6 shows an FCEV’s basic
components and structural layout [2]. An example of one of these cars is the
Toyota Mirai, whose most recent model was introduced in 2021 and has a
range of 650 kilometers without refueling and produces only clean water as
emissions.

Figure 1.6: The structural layout and basic elements of an FCEV [2].

• Extended-Range EVs (ER-EVs): A range extender is an additional power
source that extends the driving range of an extended-range electric vehicle
(ER-EV). The majority of range extenders use tiny internal combustion
engines to power an electric generator, which supplies power to the motor and
electric batteries. When an ER-EV’s tiny range-extender motor is running,
CO2 is produced, but not when the ER-EV is using electric power. An
ER-EV will emit much less CO2 than an ICE vehicle over the course of its
lifespan. Figure 1.7 illustrates an ER-EV’s structure and key components [3].
The BMW i3 is an instance of an ER-EV. It has a lithium-ion battery pack
and an optional range-extending gasoline engine.

1.3 G2V and V2G Technology

Grid-to-vehicle power or energy flows are referred to as “G2V” or “charging mode,”
while vehicle-to-power or energy flows are referred to as “V2G” or “discharging
mode.” Figure 1.8 shows a V2G framework that has interactions among power sys-
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Figure 1.7: The structure and essential elements of an ER-EV [3].

tem operators, consumers, and EV users [4]. Here, these V2G systems can work in
a G2V mode. Traditional generators, RESs, and transmission infrastructure are
included in the power systems. Both customers (such as household, commercial,
and industrial users) and V2G systems are supplied with energy by the power
systems. The V2G networks are made up of EVs that are connected to the power
grid through aggregators and public and private charging stations. A mediator
who controls and optimizes energy flow between the power grid and V2G systems
is known as an aggregator. It functions as energy storage in V2G mode and as a
consumer in G2V mode. V2G communication, which consists of communications
networks like wireless networks and processing capabilities like data centers and
cloud computing, enables data and information interchange between power sys-
tems, electricity consumers, and V2G systems. The power system operators can
efficiently optimize power generation and auxiliary services from EVs thanks to
the V2G communications networks, which allow them to get the data they need
from V2G systems and electricity users.

1.3.1 Smart G2V or V2G Systems

Fast charging or G2V infrastructure is expanding globally as a result of the rapid
expansion of EVs. When an EV is attached to a charger, the EV battery will either
begin charging instantly or after a wait. If most EVs charge at the same time,
there will be a high demand for power and energy from the power grid, which will
lead to an undesirable low voltage within the distribution network. The term ”un-
coordinated charging” or ”uncontrolled charging” is frequently used to describe
this circumstance. Such a condition could negatively impact the distribution grid
by increasing actual power losses, violating voltage limitations, and overloading
distribution network assets such as transformers and cables/lines. The lifespan of
distribution transformers will eventually be shortened. It will lead to network con-
gestion and reliability issues for the transmission grid. And it will cause problems
for the generation grid including an increase in unit pricing, capacity expansion,



CHAPTER 1. INTRODUCTION 7

Figure 1.8: A V2G framework [4].

and higher use of generation assets. Unmanaged vehicle-to-grid (V2G) networks
might have similar effects. By managing the charging in a planned manner, smart
charging can address these problems. By implementing dynamic pricing regula-
tions, coordinated smart charging could save charging costs while enhancing the
functioning of the power grid. The advantages of smart charging may be passed
on to individual consumers in two ways: directly by lowering their charging prices
and indirectly by decreasing distribution grid losses, distribution network capital
costs, transformer life loss, valley filling (timed mechanisms to drain electricity
while grid demand is low), and peak shaving (lowering the grid’s peak electricity
demand). In order to successfully integrate EVs and renewable energy sources
(RES) into the grids in the future, the International Renewable Energy Agency
(IRENA) thinks that smart charging and consumer subsidies have become two
crucial aspects.

Smart charging and discharging control systems are divided into two categories:
centralized and decentralized approaches. With centralized approaches, an autho-
rized energy service provider known as an aggregator is in charge of all EV charg-
ing and discharging operations through CPs (charging posts) or CPMs (charging
post managers). If DSO (Distribution System Operator) requests a load reduc-
tion or increase, the aggregator will carry out the power purchase directly in the
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day-ahead electricity market after receiving TSO (Transmission System Operator)
approval. If the TSO requests ancillary services like secondary and tertiary fre-
quency regulation, the aggregator can also engage in the ancillary services market
in addition to the day-ahead market. The centralized control framework for EVs is
shown in Figure 1.9 [5]. In contrast, choices regarding charging and discharging are
made and carried out by EVs themselves in decentralized approaches. Figure 1.10
demonstrates the decentralized control framework used by EVs [5]. Even though
the centralized strategy can achieve the best outcomes for both the provider and
the EVs, it might not be feasible to execute since with this approach the EVs are
unable to independently regulate their charging and discharging processes. Due
to user acceptability and reduced communication, the decentralized method is
therefore preferred in real systems.

Figure 1.9: A centralized control framework for EVs [5].

Figure 1.10: A decentralized control framework for EVs [5].
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1.3.2 V2G Systems Benefits

Smart V2G of EVs can enhance the efficiency, reliability, and stability of the power
grid. Additionally, they benefit EV users economically. The following are some
advantages of V2G technology:

• Ancillary Services: EVs are viewed as dynamic distributed energy sources
in this V2G that assist the electrical grid. This is conceivable since EVs are
projected to be parked 96% of the time. They are able to offer ancillary
services like spinning reserves, voltage regulation, and frequency regulation.
A smart V2G of EV can provide active power regulation, load balancing,
harmonic filtering, inertia support, reactive power support, and the best
possible use of variable RESs. As a result, system administrators would be
able to manage the power system safely with lower synchronous generation.

• Improved Quality of Service: Modern battery technology allows smart V2G
systems to instantly return energy to the grid. As a result of the V2G
system’s quick response, system operators can provide consumers with better
power quality.

• Storage Solution for Renewable Energy Integration: By utilizing EVs as
storage devices, the power quality from RESs like solar and wind energy can
be significantly enhanced. The power grid can be made more reliable and
stable by combining EVs and RESs.

• Increased Revenue for EV Users: In exchange for joining the V2G sys-
tem, EV users can get payment from the V2G operators for the energy
they discharge. Therefore, EV customers might balance their needs and
charging/discharging operations by using intelligent energy management so-
lutions, such as charging during off-peak hours and discharging throughout
peak hours, to increase earnings.

• Reduced Environmental Pollution: EVs, as opposed to traditional vehicles
that use fossil fuels, can dramatically reduce environmental pollution, even
when power-generating emissions are taken into account. According to esti-
mates, emissions of CO2 can be reduced by 2.2 tons annually by switching
from a traditional vehicle to an EV.

However, there are still a number of difficulties that V2G must overcome, including
early battery deterioration, investments in communications networks to enable
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interactions between EVs and the grids, protection against cyber-attacks, impacts
on grid equipment, additional infrastructure modifications, and social, cultural,
political, and technological barriers. Even though V2G operations can shorten
the life of battery packs, it is anticipated to provide financial advantages for both
EV owners and system operators.

1.4 Literature Review

Bidirectional DC-DC converters (BDCs) are an essential part of these EVs. They
are also used in a wide range of applications that require bidirectional power trans-
missions, such as renewable energy systems, industrial systems, DC power distri-
bution systems, aerospace power supplies, more electric aircraft (MEA) power
supplies, uninterruptible power supplies (UPS), fuel cell and battery energy stor-
age systems (BESS). This type of high-power bidirectional DC-DC resonant con-
verter is capable of achieving both DC voltage variation and electrical isolation.
Figure 1.11 depicts a block diagram of a standard EV onboard charger, which
includes an AC-DC PFC (Power Factor Correction) stage and a bidirectional DC-
DC converter. The PFC stage is connected to the AC grid and a DC link capacitor
to achieve unity PFC and AC-to-DC conversion. The bidirectional DC-DC con-
verter connects the DC link capacitor and an EV battery pack to achieve current
and voltage regulation as well as galvanic isolation. These bidirectional dc-dc con-
verters can power EV battery loads while also providing power feedback to the
power grid. Dual active bridge (DAB) [6], and CLLLC [7] converters are among
the current bidirectional DC-DC converter topologies that have drawn a lot of fo-
cus because of the high-frequency (HF) transformers’ simplistic and symmetrical
architecture on both sides. The main benefit of DAB architecture over a CLLLC
resonant converter is the lack of resonant capacitors that need to withstand high
voltage stresses. Contrarily, the CLLLC resonant converter has the ability to
soft-switch in almost any loading situation. These converter switches can achieve
zero voltage switching (ZVS) on the inverter side as well as zero current switching
(ZCS) on the rectification side without the need for an auxiliary circuit, enabling
them to work at higher switching frequencies.

Several research studies have been carried out to improve the performance of
CLLLC converters for a variety of applications because of the CLLLC converter’s
current popularity and its broad application prospects. For instance, in [8], an in-
novative operation mode analysis was developed to determine the optimum tank
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Figure 1.11: Block schematic of a typical EV onboard charger.

parameters for a specific set of circumstances. To build high-power-density res-
onant converters, it is shown in [9] that increasing the switching frequency from
65 kHz to 1 MHz reduces the overall size of capacitors and inductors by almost
half. Zong et al. [10] developed a double voltage rectification (DVR) modulation
technique that provides a step-up voltage gain to widen the operating voltage
range of bidirectional resonant converters. A technique to lessen electromagnetic
interference (EMI) noise caused by common-mode (CM) CLLLC converters was
put forth by Chu et al. [11]. As a result, CM chokes can be reduced in size,
while the converter power density can be increased. However, in symmetrical
bidirectional topologies, such as the CLLLC converter [7], there are at least five
resonant elements, whereas, in asymmetric bidirectional topologies, such as the
proposed CLLL converter, there will be only four resonant elements, reducing the
difficulty of parameter design. It also minimizes the design’s size and cost. This
proposed CLLL resonant network combines all of the advantages of a lower-order
resonant converter, absorbing all parasitic components and enabling operation at
high switching frequencies with minimal switching losses. The resonant inductors
can be synthesized from the HF transformer’s leakage inductance and fully inte-
grated with the HF transformer. By altering the air gap between the windings
and core halves, the leakage inductance can be changed. The loss and core vol-
ume of the converter will be reduced as a result of this integrated transformer.
As a result, asymmetric bidirectional topologies are thought to be more flexible
and efficient. However, no breakthroughs in the field of asymmetric bidirectional
topologies research have been made since it is challenging to develop a parameter
design procedure that equips the converter with a similar bidirectional operating
characteristic.

Furthermore, passive storage components account for a sizable portion of the to-
tal size of switching converters. Passive storage components make up a significant
portion of the overall size of switching converters. The most obvious method
for lowering the size of magnetic components is unquestionably the use of higher
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switching frequencies. Nonetheless, even partial hard-switching at a higher switch-
ing frequency at any switching device could cause significant switching losses, de-
grading efficiency noticeably and adding to the burden of thermal management.
Because of this, this paper, which focuses on EV onboard charger application ar-
eas, uses the CLLL resonant structure as a more practical choice for HF DC-DC
conversion without no extra control complexity needed to enable soft switching.

Additionally, as semiconductor technology develops, third-generation wide-band-
gap semiconductor devices like silicon carbide (SiC) and gallium nitride (GaN)
devices have been developed to help bidirectional converters achieve relatively
high switching frequency, high power density, and high efficiency by displacing
conventional devices like silicon MOSFETs and silicon IGBTs. An overall view of
a few key material characteristics of these devices is given in [12]. GaN material
is a great option for high-voltage and high-frequency applications because it has
the highest breakdown voltage, bandgap, and electron velocity characteristics,
according to the comparative data presented in [12]. Despite having less thermal
conductivity than SiC, GaN devices can offer high power densities with efficient
cooling techniques. Additionally, GaN devices feature lower gate charges and
on-resistance than Si and SiC devices, resulting in lower switching charges and
rapid switching transitions. Furthermore, rapid switching transitions lead to less
switching loss. Besides that, GaN has a lesser output capacitance, which results in
reduced switching loss and makes it simpler to implement ZVS. Other Si and SiC-
based devices require an anti-parallel diode, but GaN 2D Electron Gas (2DEG)
does not require one because it can conduct in the third quadrant. It consequently
has no reverse recovery loss, which lowers switching loss and reduces EMI noise.
GaN FETs are therefore capable of maintaining high efficiency during the high-
frequency operation among the switching devices that are currently available.

1.5 Objectives of the Thesis

In this context, the following are the objectives of this work:

I. To design a high-performance bidirectional asymmetric CLLL resonant dc-
dc converter for EV charging (G2V) or discharging (V2G) applications with
a high voltage gain.

II. To choose an effective switching device for the design by testing the designed
converter with various switching device models from various manufacturers.
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III. To examine how various design factors affect the proposed converter’s per-
formance and improve the system’s charging and discharging efficiency.

IV. To develop a PID controller based on the PSPWM technique, and use PSO,
and GA optimization algorithms to optimize its parameters.

V. To devise a deep reinforcement learning (DRL)-based intelligent controller
to regulate the output voltage and evaluate its performance against the
designed PID controller.

1.6 Thesis Outline

The rest of this thesis is organized as follows.

Chapter 1 begins with a general introduction to EVs and their various types,
followed by the significance of V2G and G2V technology, a problem statement,
and the objectives of this work.

Chapter 2 provides a brief summary of current battery charging methods as well
as past work done by researchers on various types of BDCs, which serves as the
thesis’s cornerstone. Additionally, it discusses how the proposed converter oper-
ates.

Chapter 3 describes the design, numerical methodologies, and simulation approach
used to generate the performance measurements. It also contains the controller’s
in-depth design and analysis.

Chapter 4 contains simulation results, a discussion, and a performance study of
the proposed converter in contrast to existing BDC designs.

Chapter 5 includes the concluding remarks as well as recommendations for future
work on this proposed converter.
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Chapter 2

Overview of EV Battery Charging

This chapter provides a brief overview of the theoretical concepts involved in
this work. The first part of the article reviews the most recent advancements in
EV charging and discharging technologies. A brief overview of the current BDC
converters developed by the researchers is provided in the chapter’s later sections.
Additionally, it briefly outlines the researchers’ efforts to enhance the performance
of this type of converter.

2.1 EV Charging Technologies and Standards

This section provides a brief explanation of the various EV charging configurations,
including on-board and off-board, charging stations, charging standards like IEC
(International Electrotechnical Commission) and SAE (Society of Automotive En-
gineers), and country-specific EV charging stations and connectors.

2.1.1 EV Charging Standards

To handle EV charging infrastructure, various governing bodies have created uni-
form charging standards. Different countries use different charging standards.
For instance, Japan and Europe utilize CHAdeMO as their charging standard,
while the United States prefers the Institute of Electrical and Electronics Engi-
neers (IEEE) and SAE standards. The Standards Administration of China (SAC)
employs IEC-compliant GB/T standards. The word “Level” is used to describe
the power rating in SAE, whereas “Mode” is used in IEC. Table 2.1 provides a
summary of the IEC and SAE charging standards.
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Table 2.1: Summary of EV charging standards

Standards Source Phase Level/Mode Voltage (V) Current (A)

SAE-J1772
AC Single Level 1 120 16

Single Level 2 240 32-80

DC DC Level 1 200-450 80
DC Level 2 200-450 200

IEC-62196 AC
Single Mode 1 120 16
Single Mode 2 240 32
Single Mode 3 250 32-250

DC DC Mode 4 600 400

IEC-61851-1

AC, non-dedicated Single Mode 1 250 16
Three 480 16

AC, non-dedicated Single Mode 2 250 32
Three 480 32

AC, dedicated Single Mode 3 250 32
Three 480 32

DC, dedicated DC Mode 4 400 200
Tesla-NACS AC/DC Single, Three & DC Compatible to IEC-62196 & IEC-61851-1 500/1000 Up to the manufacturer

According to the SAE-J1772 Standard, AC level 1 and level 2 onboard chargers
have been created for power supplies of 120 V and 240 V AC, and are able to
produce 1.9 kW and 19.2 kW, respectively. Due to their low power consumption,
these onboard chargers are perfect for charging throughout the day. Offboard
chargers with a power supply between 200 and 450 volts are designed to use a
DC fast charger with an optimal capacity of 50 kW and, most recently, up to
350 kW. The IEC-62196 Standard contains three AC levels and one DC level. It
lists four distinct couplers for dc fast charger systems, including Configuration AA
(CHAdeMO Association), Configuration BB (also called GB/T and applicable in
China), Configuration CC (Type 1 combined charging system, accepted in North
America), and Configuration FF (Type 2, integrated charging system, adopted in
Europe and Australia). The IEC-61851 Standard uses two AC levels with voltage
levels of 120V and 240V and one DC level ranging from 200 to 450. The North
American Charging Standard (NACS), which is based on the Tesla supercharger,
was just released by Tesla Inc. In a small package, it can provide up to 1 MW of
DC charging as well as AC charging. This standard is available in 500-volt and
1,000-volt variations.

Different EV charging modes serve various purposes and provide various charging
facilities. Following is a brief description of the charging modes:

• Mode 1 (Slow Charging): Figure 2.1 illustrates how an electric vehicle is
charged in Mode 1 [13]. The term “Mode 1 Charging Technology” implies
charging in homes or workplaces using a straightforward extension wire with
no safety. An EV is charged using this method by being plugged into a
regular home outlet. It offers a single-phase or three-phase power socket
facility with neutral and earth wires and a maximum current intensity of 16
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A. Users are not protected from DC-current shock by this charging technique.
There is no communication with or control over the vehicle. As a result, it
provides the car owner with minimal protection. Because of this, several
nations forbid using this mode of charging.

Figure 2.1: Mode 1 EV charging technology [13].

• Mode 2 (Semi-fast Charging): In contrast to Mode 1 charging, Mode 2
charging cables can offer an in-cable RCD (residual-current device), over
temperature and over current protection, and protective earth detection. A
domestic and industrial cable with built-in shock protection against AC and
DC currents is used for charging in mode 2. Figure 2.2 depicts the charging
process for an electric vehicle in Mode 2 [13]. This mode is typically placed
on portable chargers for EVs. The pricey nature of this charging option
is a result of the strict cable requirements. One-phase or three-phase lines
with earthing implemented can be used for charging. In single-phase AC
applications, the maximum current and voltage ratings are 32 A and 250 V,
respectively, and 32 A and 480 V in three-phase AC applications. The EV
supply equipment (EVSE) must meet the following criteria before electricity
will be sent to the EVs.

– Adequate earthing protection

– No fault conditions, such as an over-current or an overheat, etc.

– EV has been linked and has requested electricity, which can be seen on
the pilot data line

This method is subject to different restrictions in the United States, Canada,
Switzerland, Denmark, France, Norway, and Italy.

Figure 2.2: Mode 2 EV charging process [13].
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• Mode 3 (Fast Charging): Use of a dedicated charging point or a wall-
mounted wall box at home is required for mode 3 charging. Both offer
AC or DC current shock prevention. In Mode 3, the EV does not require a
specific cable for charging because the connecting cable is included with the
wall box or charging station. This mode also allows communication between
the vehicle and the EVSE device. It controls how much energy is used, keeps
track of the charging process, and has an integrated safety system. Figure 2.3
shows how an electric vehicle in Mode 3 is charged [13]. Currently, Mode
3 charging is the favored method for EV charging. It is the only method
permitted in Italy for AC automobile charging in public areas. Even if there
are no restrictions imposed by law, charging points functioning in mode 3
typically permit charging up to 32 A and 250 V in single-phase AC and up
to 32 A and 480 V in three-phase AC.

Figure 2.3: EV charging technique for Mode 3 [13].

• Mode 4 (Ultra-fast Charging): The DC charging feature is only available
in this charging mode. This charging option needs a current converter that
is external to the car where the charging cable is attached. Due to the
converter, which converts AC electricity into DC before flowing through
the charging cable and toward the electric car, the charging station is often
significantly larger than a basic one. With the EVSE, protection, and control
features are also available in this mode. Figure 2.4 portrays how to charge an
electric vehicle in Mode 4 [13]. This mode offers a maximum charging power
capacity of up to 400 kW with a maximum voltage of 1000 V and a current
intensity of up to 400 A, in accordance with the most recent IEC-62196-3
standard.

2.1.2 EV Charging Methods

There are three major charging methods for EV charging. They are: conductive
charging, inductive charging, and battery swap station (BSS). Compared to in-
ductive charging technology solutions, which are still being researched and are
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Figure 2.4: EV charging technology for Mode 4 [13].

not yet widely used in the field of electric transportation, conductive charging
techniques are more well-established and prevalent. Compared to the other two
charging techniques, BSS is less commonly used. Current EV charging methods
are depicted in Figure 2.5.

Figure 2.5: A schematic layout of EV charging methods.

2.1.2.1 Conductive Charging

Direct contact between the car and the charging inlet is necessary to transfer power
for conductive charging. Because of the direct connection, this charging technique
is quite effective. It offers a variety of charging options, including level 1, level
2, level 3 as well as level 4 charging. Conductive charging technology provides a
V2G infrastructure, reduces grid losses, maintains system voltage, prevents grid
overloading, provides active power, and can even make use of the vehicle’s battery
to make up for reactive power. Onboard and off-board charging are the two
main categories of conductive charging. Off-board charging refers to charging
that takes place outside the vehicle, while onboard charging is primarily used
for slow charging inside the vehicle. Off-board chargers are preferable because
they provide fast charging capabilities, higher kW transfers, and lighter vehicle
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weights. The transfer of high power in onboard charging is constrained by weight,
size, and cost factors. Because of this, it requires more time to charge than the
off-board charging configuration. In contrast to off-board charging, which delivers
DC power to the EV battery packs, onboard charging supplies AC power to the
batteries. Figure 2.6 depicts the onboard and off-board charging methods [14].
The vehicle’s internal battery pack is charged under the control of the battery
management system (BMS). The majority of EV manufacturers currently use
conductive charging.

Figure 2.6: A schematic layout of onboard and off-board EV charging systems [14].

2.1.2.2 Wireless Charging

Wireless power transfer (WPT) has been in existence since the late 19th century.
Hertz displayed the first demonstration of WPT. Using a spark gap, he demon-
strated the propagation of electromagnetic waves in space. Ever since, numerous
research teams from across the globe have been investigating the WPT system
for use in a variety of applications, including EVs, consumer electronics, mobile
phones, laptops, household appliances, medical equipment, and electric machinery
A categorization chart for various WPT technologies is shown in Figure 2.7. WPT
technology, as can be seen, can be split into four primary categories: near-field
transfers, such as inductive, magnetic resonant, and capacitive; far-field trans-
fers, such as laser, microwave, and radio-wave; mechanical force, such as magnetic
gear; and acoustic. Capacitive power transfer (CPT) and inductive power transfer
(IPT) are the two available wireless charging methods for EVs at the moment.
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Figure 2.7: A categorization chart for various WPT technologies.

The most often used technique, however, is IPT because it can be employed with
a variety of gap lengths as well as power ratings. Contrarily, CPT is only suit-
able for smaller gap power transfers, although exhibiting promising outcomes with
large power levels in kilowatt-level applications. CPT is based on the idea of a ca-
pacitor, where a dielectric material-filled air gap is made between the conducting
plates. Every half-cycle, an AC excitation reverses the electric field’s direction,
and the charging and discharging are repeated alternately. The advantages of
CPT technology include power transfer over a metal barrier, little eddy current
loss, and reduced EMI.

IPT charging technique is the most appealing for EV charging applications be-
cause it can transmit high power across a reasonably broad air-gap (10− 40cm),
which satisfies the ground clearance for the most EVs; it is also quiet; has no
moving parts, requires no maintenance; is unaffected by impurities; and has elec-
trically isolated parts. Additionally, it can recharge even if the car is moving and
does not need a traditional connector (although it requires a standardized cou-
pling technology). Figure 2.8 shows a diagram of the IPT system (IPTS) for EV
charging applications [15]. The system contains two electrically separated sides:
transmitter and receiver. The grid-rectifier, HF inverter, compensation network,
and transmitter coil are stationary components on the primary side that are wired
to the power source (grid). The receiver coil, compensation network, and rectifier
that are mounted within the car and connected to the battery system make up the
secondary side. To receive low-frequency AC power from the grid, the transmitter
side is buried in the road. A grid rectifier, a dc link, and an HF inverter are used
to convert low-frequency (LF) AC power to high-frequency (HF) AC power. The
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transmitter coil then makes use of this converted HF AC to produce an alternating
magnetic field. In order to induce HF AC voltages and currents in the secondary
circuit, the EMFs produced by the transmitter coil are coupled with the receiver
coil (in the vehicle). To charge the vehicle’s battery packs, the HF secondary AC
power is then rectified. Through a wireless communication link, the two sides
(primary and secondary) remain in contact with one another. To minimize the
size of the transmitter, receiver, and power converters, the IPT should be utilized
at a high frequency. Resonance capacitors create a compensation network that
is coupled to both the transmitter and receiver coils for high-efficiency operation.
By providing the necessary reactive power for magnetizing this airgap, these ca-
pacitors assist in reducing the significant leakage inductances caused by the large
airgap.

Figure 2.8: A diagram of the IPT system for EV charging applications [15].

Three main forms of IPTS are available for EV charging: static, dynamic, and
quasi-dynamic. long term parking places like parking lots, working places, public
parking, and home garages are suitable sites to implement static charging. The
dynamic charging technology can charge the car steadily as it is moving through
specially designated charging lanes along the route, increasing the EV’s driving
range and minimizing the battery size. The transmitter coil in this situation
might either be a long track or a series of linked pads. Due to the high energy
requirements of the vehicle and the restricted availability of stops and parking,
dynamic charging is the most practical method to support highway travel. Quasi-
dynamic charging charges the car when it is briefly halted, as at a traffic signal or
a bus stop, expanding the driving range and enabling EVs to store less energy.

The IPT, however, is often not strong. Furthermore, until the transmitter coil is
switched off, eddy current loss is another problem with the IPT. Since a real-time
connection between the transmitter and the EV is required for data transfer, com-
munication latency is a possibility. Another issue is the cost of implementation.
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In comparison to charging by wire, the magnetic couplers and related power elec-
tronics will add to the cost. The IPT’s electromagnetic field (EMF) can endanger
human health and safety by heating human tissue, implanted medical equipment,
and metals. Therefore, future research should focus on investigating novel shield
designs for safety, lowering implementation costs, designing effective fast chargers,
etc.

2.1.2.3 Battery Swap Station (BSS)

One of the fastest and least complicated techniques of charging is the battery
swapping or exchange method which is similar to the traditional gas stations.
This approach relies on paying the BSS owner a monthly fee for the BMS-enabled
battery, which significantly lowers the cost of purchasing electric cars and elimi-
nates the issue of lengthy charging periods. EV owners can use this method to
quickly recharge the battery without exiting the vehicle. The BSS’s slow charging
technique contributes to longer battery life. This BSS system can more easily be
integrated with distributed RESs like solar and wind.

Figure 2.9 depicts a BSS’s operational structure [16]. EV owners, BSSs, and power
grids all communicate with one another through this mechanism. When the EV
battery exceeds the charging threshold, a BSS swaps out the depleted battery
(DB) for a fully charged battery (FB) before placing the battery in the charging
station (BCS). When the charging is finally completed, the BCS sends it back to
the BSS for swap in EVs. If the BSS doesn’t have any FB, EVs need to wait.
One significant feature of BSSs is their ability to do large bidirectional power
transfers with the grid. As a V2G system, the FBs can deliver power to the grid
during periods of peak demand while charging takes place during off-peak times.
However, it also has several drawbacks:

Figure 2.9: An operational structure of a BSS [16].
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• High initial outlay: This method necessitates a sizable space to store the
batteries, which might require pricey real estate in a busy neighborhood.
Batteries are quite expensive; too many batteries raise expenses, while too
few batteries can’t keep up with demand from customers.

• Hefty cost of EV charging: For EV owners, this method of EV charging
might be more expensive than fuelling the ICE engines because of the high
monthly rental rates levied by the BSS owner.

• Lack of interoperability: The stations may use a specific battery model,
while the EVs may use batteries that differ in standards.

2.1.3 EV Charging Stations

The layout of a charging station with multiple charging nodes is of interest because
EV chargers are intended to serve a function similar to that of a traditional fuel
station. Keeping this in mind, EV charging stations can be broadly classified as
AC or DC charging stations. Figure 2.10 and Figure 2.11 illustrate the two layouts
for the EV charging station [14].

Figure 2.10: A layout for the EV AC charging station [14].
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Figure 2.11: An illustration of the EV DC charging station. [14].

2.1.3.1 AC Charging Stations

In the AC charging station, shown in Figure 2.10, a three-phase distribution steps-
down transformer transforms the medium voltage (MV) utility supply line into a
low voltage (LV) utility supply line (up to 480 V line to line), which serves as
a common AC bus for the onboard EV chargers [14]. In contrast to DC fast-
charging stations, which use common AC/DC converters attached to the MV-LV
step-down transformer, AC charging stations use AC/DC converters that are an
integral part of the onboard chargers. These AC/DC converters could be bidirec-
tional, able to feed power to the grid in response to DSO requests. Switchgear
cabinets with breakers and disconnectors are used to connect the MV-LV trans-
former to the AC charging station. This provides the station subsystem with the
appropriate protection. Energy storage systems (ESS) and generation capabilities,
such as photovoltaic (PV) systems and wind energy systems, can be included in
the station system to reduce demand costs paid during peak power consumption
at the station. One benefit of an AC charging station is the availability and de-
velopment of converter technology, switchgear, and protective devices. Another
benefit is the existence of well-established standards and procedures for AC dis-
tribution systems. The primary drawback of the AC charging station is the need
for extra conversion stages (to connect DC loads, DC generator, and ESS to the
AC system). These conversion phases make the system more complicated and
less efficient. Furthermore, since they must deal with power balance control, volt-
age control, and frequency control throughout the system’s islanded operation,
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AC-linked systems are tougher to operate than DC-connected systems.

2.1.3.2 DC Charging Stations

The DC charging station in Figure 2.11 links to the distribution system through
a three-phase distribution transformer and an LV bidirectional rectifier stage [14].
The single LV rectifier stage receives electricity from the three-phase distribution
transformer at LV AC (up to 480 V line to line) and supplies the dc power to
various station subsystems. The rectifier stage offers the DC charging station
voltage control, isolation, and bidirectional capabilities. After the rectifier stage, a
common DC bus is formed that connects all of the EV chargers in the DC charging
station through isolated bidirectional DC/DC converters, providing the necessary
isolation and bidirectional facility between the DC bus and the EV ports. The
key benefits of dc charging stations are as follows: it removes the need for AC/DC
and DC/AC conversion stages, it reduces the number of conversion stages required
when transferring power from an ESS to a charger, and it simplifies the integration
of RES such as PV and wind energy, as well as ESS that produces dc power. It
is also often less expensive and smaller, with higher dynamic performance than
AC charging stations. However, because DC voltage does not have natural zero-
crossings, developing protective systems for DC fast-charging stations is difficult.

2.2 Power Conversion Topologies for EV Bat-
tery Charging Applications

Since converters are a key component of electric vehicles, it is necessary to de-
velop efficient converter designs and to analyze various converter types. With
continuous advancements in power electronics technology, particularly in the field
of power conversion, the function of converters has enabled researchers to make
major contributions to attaining maximum power conversion in EV applications.
WBG semiconductors are increasingly used in this EV sector in the modern age.
WBG power semiconductors such as SiC and GaN provide several benefits over
conventional silicon (Si) devices, including high efficiency, high power density, and
superior thermal performance. Figure 2.12 depicts the characteristics of power
semiconductor devices made of Si, SiC, and GaN. As a result, WBG semiconduc-
tors have recently been used in EV power converters. For instance, as compared
to an EV charger with a similar rating based on Si, a 15 kW EV charger based
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on SiC supplied 33% more power while taking up 25% less space. Compared
to Si device-based isolated converters, it has been proven in [17] that the GaN
device-based isolated converter has a volume reduction of 53%, a weight reduction
of 79%, an increase in power density of 170%, and an increase in specific power
of 500%, as depicted in Table 2.2. As illustrated in Figure 1.11, two types of

Figure 2.12: The characteristics of power semiconductor devices made of Si, SiC, and GaN [12].

Table 2.2: Comparison of isolation converters based on Si, SiC, and GaN [17]

Specifications Si isolation converter SiC isolation converter GaN isolation converter
Power (kW) 5.2 6.8 6.6
Volume (L) 1.34 1.02 0.63
Mass (kg) 3.27 2.35 0.69

Power density
(kW/L) 3.9 6.7 10.5

Specific power
(kW/kg) 1.6 2.9 9.6

Peak efficiency
(%) 98.4 (40 kHz) 99.0 (100 KHz) 99.0 (100kHz)

power electronics converters are used for EV battery charging: AC-DC converters
or rectifiers and DC-DC converters.

2.2.1 AC-DC Converters

Currently, several topologies are used for the front end AC-DC power conversion
of EV battery chargers. Figure 2.13 depicts the most recent state-of-the-art AC-
DC converters used in EVs. Figure 2.14 displays the circuit diagrams of these
various EV-specific AC-DC converters. A comparison of these AC-DC converters
is presented in the following Table 2.3. Among the various converters listed, the
Vienna rectifier has lower THD and higher efficiency than the others, but it has
some drawbacks such as no V2G capability and no galvanic isolation for vehicle
safety. Other tabulated converters have some drawbacks that need to be addressed
in future research. There is, therefore, plenty of room for future research in the
area of AC-DC converters for EVs.



CHAPTER 2. OVERVIEW OF EV BATTERY CHARGING 27

Figure 2.13: AC-DC converters used in EVs.

Table 2.3: Comparison of various AC-DC converters for EV applications.

Converter
Topologies

Rated
Power
(kW)

Maximum
Efficiency
(%)

Strength Weakness Refs.

Bridgeless
Isolated
Boost

1.7 96.2

• Lesser conduction loss • High component count

[18]
• Higher power capabil-
ity and high efficiency

• High input and output
ripple

• Galvanic isolation • Increased EMI
• Unidirectional power
flow

ZVS
Interleaved
Boost PFC

3 ∼98

• Can guarantee ZVS
• Complex control cir-
cuitry

[19]
• Higher efficiency

• Heating issues for in-
put diode bridge

• Reduced EMI • No Galvanic isolation
• Low input and output
ripple

• Unidirectional power
flow

Bridgeless
Interleaved

Boost
3.4 98.9

• High efficiency
• High component co-
unt

[20]
• Reduced output ca-
pacitor ripple current

• High cost

• Low power loss • Moderate EMI
• No Galvanic isolation
• Unidirectional power
flow

Three-phase
interleaved

SEPIC
4 92

• Modularity
• High conduction loss
due to input diode bridge

[21]
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Table 2.3: Continued.

Converter
Topologies

Rated
Power
(kW)

Maximum
Efficiency
(%)

Strength Weakness Refs.

• Fault ride through ca-
pabilities

• Hard to keep synchro-
nism between three sin-
gle phase units

• Low THD (4.22%)

• Triplen harmonics
due to parametric vari-
ation between the three
units.

• Provides galvanic iso-
lation

• Unidirectional power
flow

• Reduced switching
stress

Bridgeless
SEPIC

0.76 92.1

• Provides galvanic iso-
lation

• Unidirectional power
flow

[22]
• Low conduction losses

• High current stress due
to DCM mode.

• Reduced size and costs

Totem-pole
Interleaved

PFC
3.3 98.8

• V2G power transfer
facility

• High cost

[23]• Smaller current ripple • No galvanic isolation
• Lower EMI
• Lower conduction and
switching losses

DAB-Based
Three-Phase

Isolated
Converter

1.38 82.1

• Bidirectional power
flow

• Higher conduction
losses

[24]
• Soft switching of pri-
mary and secondary side
power converters

• High component count

• Galvanic isolation

Three-Phase
Buck-Boost

Derived
PFC

2 96

• Less control complex-
ity

• High current and volt-
age stress

[25]
• Less number of sensors • No galvanic isolation

• High power density
• Unidirectional power
flow

Bidirectional
Series-

Resonant
Matrix

Converter

30
Un-

specified

• Bidirectional power
flow capability

• High number of
switches

[26]
• Galvanic isolation • Less efficiency



CHAPTER 2. OVERVIEW OF EV BATTERY CHARGING 29

Table 2.3: Continued.

Converter
Topologies

Rated
Power
(kW)

Maximum
Efficiency
(%)

Strength Weakness Refs.

• High power density
due to absence of elec-
trolytic capacitors

SWISS
Rectifier

7.5 96.5

• Low rating devices • Number of switches

[27]
• Low harmonics • Less efficiency
• Bidirectional power

flow capability
• Complex controller

• No galvanic isolation

Vienna
Rectifier

1.865 99.84
• Low THD (3.25%)

• Unidirectional power
flow

[28]
• Smaller filtering re-
quirements

• No galvanic isolation

• High output voltage

2.2.2 DC-DC Converters

The DC-DC converters serve as battery chargers in the back end of EV charging
systems. The front-end AC-DC topology accomplishes the rectification operation
using PFC, while the back-end DC-DC converter adjusts the voltage level from
the rectification operation to make it appropriate for EV battery charging. The
design of an EV battery charger presents significant hurdles, including achieving
more efficiency, cheaper cost, larger power density, isolation, and satisfying safety
criteria. The increased switching frequency allows for a reduction in the cost of
passive components. The rationale for limiting the switching frequency is due to
high switching losses. As a result, resonant circuits and soft-switching technologies
are extensively used to improve the switching frequency. The converter topology
used must be capable of controlling the greater output current. Back-end DC-DC
converter topologies are classified as isolated or non-isolated based on the presence
of galvanic isolation between the input signal and the output circuit. An overview
and comparison of the various DC-DC converter topologies used in EV battery
charging are provided in this section. Figure 2.15 illustrates the classification of
dc-dc converters for EV applications.
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(a) Bridgeless Isolated Boost con-
verter [18]. (b) ZVS interleaved boost PFC

converter [19].

(c) Bridgeless interleaved boost
converter [20].

(d) Three-phase interleaved con-
verter based on SEPIC [21].

(e) Bridgeless SEPIC [22]. (f) Totem-pole Interleaved PFC
converter [23].

(g) DAB-based three-phase isolated converter [24].

(h) Three-phase buck-boost derived PFC con-
verter [25].

(i) Bidirectional series-resonant matrix converter [26].

(j) SWISS rectifier [27]. (k) Vienna rectifier [28].

Figure 2.14: Circuit diagrams of various EV-specific AC-DC converters
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Figure 2.15: DC-DC converters used in EVs.

2.2.2.1 Non-isolated DC-DC Converters

A non-isolated dc-dc converter is one that does not have any electrical isolation
between its input and output. These converters are beneficial when dielectric
isolation is not a major consideration. These converters have a common ground
between their input and output, allowing current to flow between them. Non-
isolated converters are often used when the voltage has to be stepped up or down
by a relatively modest ratio. These converters are better suited for use in mid- and
high-range vehicles. Non-isolated converters have higher efficiency, lower cost, and
less control complexity than isolated converters. They, too, have certain down-
sides. They cannot provide protection against high electrical voltages and produce
greater noise. As a result, there are safety concerns with non-isolated converters.
These converters can be characterized as unidirectional or bidirectional based on
their capacity to reverse power flow. There are five basic types of non-isolated
DC-DC converters that are frequently used: multi-device interleaved bidirectional,
Cuk, SEPIC, switched capacitor interleaved bidirectional, coupled inductor inter-
leaved bidirectional, and quasi Z-source bidirectional. The circuit schematics of
these non-isolated converters are shown in Figure 2.16. Table 2.4 contains a com-
prehensive analysis and comparison of these converters. As can be seen, each
of the tabulated converters has its own set of strengths and drawbacks. One of
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these converters’ common strengths is the ability to provide bidirectional power
flow, which is critical for V2G applications. Table 2.4 summarizes the converters’
other strengths and weaknesses. Hopefully, future research will focus on these
shortcomings to enhance their performances.

2.2.2.2 Isolated DC-DC Converters

To electrically separate the input and output side voltages for safety or regulatory
reasons, isolated DC-DC converters employ galvanic isolation. For instance, if
the input side is linked to voltages that are high enough to put people in danger,
safety regulations may mandate the use of an isolated DC-DC converter, which
transfers voltage and current using a transformer (or, in some circumstances, cou-
pled inductors) across the gap between the input and output terminal. Again,
these isolated DC-DC converters are beneficial for removing ground loops, which
will help to isolate noise-sensitive circuitry from the noise sources. Conversely,
utilizing a transformer for isolation might result in design tradeoffs, most notably
costs, size, performance instability, and assembly issues. Isolated DC-DC convert-
ers are widely used in low- and medium-power automotive applications. Flyback
bidirectional, forward, push-pull, multiport isolated, resonant, ZVS bidirectional,
single-phase and three-phase DAB are some of the key isolated DC-DC converters
used in EV applications. Figure 2.17 depicts the circuit diagrams for these iso-
lated converters. Table 2.4 provides a comprehensive evaluation and comparison
of these isolated converters. Except for the forward converter, all of these convert-
ers are capable of bidirectional power flow, which is required for V2G operation.
Resonant and DAB converters are among the tabulated converters that are grow-
ing in popularity because of their high efficiency and ZVS operation. Each set of
converters has its own set of strengths and weaknesses. Hopefully, future research
will address these weaknesses to improve the converters’ efficiency for EV battery
charging applications.



CHAPTER 2. OVERVIEW OF EV BATTERY CHARGING 33

(a) Multidevice Interleaved Bidirectional Con-
verter [29].

(b) Cuk Converter [30].

(c) SEPIC [31].

(d) Switched Capacitor Interleaved Bidirectional
Converter [32].

(e) Coupled Inductor Interleaved Bidirectional
Converter [33].

(f) Quasi Z-Source Bidirectional Con-
verter [34].

Figure 2.16: Circuit schematics of various EV-specific Non-isolated DC-DC converters
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(a) Flyback Bidirectional Converter [35].
(b) Forward Converter [36].

(c) Push Pull Converter [37]. (d) Multiport Isolated Converter [38].

(e) ZVS Bidirectional Converter [39].

(f) Resonant Converter [40].

(g) Single Phase and Three Phase DAB Converter [41].

Figure 2.17: Circuit diagrams of various EV-specific Isolated DC-DC converters
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Table 2.4: Comparison of various DC-DC converters for EV applications.

Converter
Types

Converter
Topologies

Rated
Power
(kW)

Maximum
Efficiency
(%)

Strength Weakness Refs.

Non-
isolated

Multidevice
Interleaved

Bidirectional
150 98

• High efficiency

• Complex analysis
during transient
and steady-state
conditions [29]

• Reduced compo-
nent size

• No galvanic isola-
tion

• Lower current stress
• Bidirectional power
flow

Cuk 0.85 94

• Continuous and
reduced ripple current
at input and output

• Larger inductors
subjected to higher
electrical stress

[30]

• Improved PF
• High-voltage rat-
ing for the transfer
capacitor

• Bidirectional
power flow possible
with modified cuk

• High number of
passive components

• No galvanic isola-
tion

SEPIC 1.5 98

• Gate drive circuitry
is less complicated.

• No Galvanic iso-
lation

[31]
• Less voltage stress
than CUK

• High current
stress in diode and
switches

• Non-pulsating in-
put current

• Bidirectional
power flow possible
with modified SEPIC

Switched
Capacitor
Interleaved

Bidirectional
0.8 95.9

• Topology scalability
• High current rip-
ple

[32]
• Wide voltage gain
range

• No galvanic isola-
tion

• Low current rip-
ple on the low voltage
side
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Table 2.4: Continued.

Converter
Types

Converter
Topologies

Rated
Power
(kW)

Maximum
Efficiency
(%)

Strength Weakness Refs.

• Low voltage stress
across power switches
• Common ground
between input and
output
• Bidirectional power
flow capability

Coupled
Inductor

Interleaved
Bidirectional

4.5 98.67

• Wide voltage con-
version ratio

• Leakage in-
ductance causing
voltage and current
spikes

[33]
• Reduced current

and voltage ripple

• No galvanic isola-
tion between input
and output

• Lower current rat-
ing of power compo-
nents
• lesser components
• Increased efficiency
• Bidirectional power
flow capability

Quasi
Z-Source

Bidirectional
0.4 96.44

• Bidirectional power
operation

• No galvanic isola-
tion

[34]
• Reduced voltage

stress

• High cost due
to higher number of
components

• Wide voltage gain
range
• Common ground
between input and
output
• Continuous input
current

Isolated

Flyback
Bidirectional

6 ∼96

• Bidirectional power
flow

• High ripple cur-
rent

[35]
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Table 2.4: Continued.

Converter
Types

Converter
Topologies

Rated
Power
(kW)

Maximum
Efficiency
(%)

Strength Weakness Refs.

• Suitable for high
voltage step-up situa-
tions

• High voltage
stress due to leakage
inductance

• Fewer number of
components

• Unsatisfac-
tory utilization of
the transformer

• Capable of working
with multiple power
sources

• Topology scalability
• Galvanic isolation

Forward 5 95.4

• High efficiency
• Nonuniform sec-
ondary voltage

[36]

• Fast balancing time

• Limited max-
imum duty cycle
during the trans-
former reset process
due to peak flux
reaching higher lev-
els during startup
and transient states

• Easy to control
• Unidirectional

power flow
• Less number of

components and cir-
cuitry
• Galvanic isolation

Push Pull 22 96.85

• Low conduction
losses

• Additional cir-
cuitry required for
soft switching

[37]
• Less filtering is re-
quired

• Protection
required during
switching

• Galvanic isolation
• Imbalance mag-
netic flux

• Bidirectional power
flow capability
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Table 2.4: Continued.

Converter
Types

Converter
Topologies

Rated
Power
(kW)

Maximum
Efficiency
(%)

Strength Weakness Refs.

Multiport
Isolated

9.6 96

• Bidirectional power
flow capability

• High sensi-
tivity in response
to duty cycle under
load changes

[38]

• Galvanic isolation
• It is challenging
to achieve accurate
synchronization.

• Low output voltage
ripple current
• Wide voltage gain
• Reduced number of
circuit components

ZVS
Bidirectional

3.5 96.8

• Achieves ZVS under
all load conditions

• Inadequate fault
tolerance

[39]
• Low EMI
• High power density
• Easy control
• Galvanic isolation
• Bidirectional power
flow

Resonant 3.5 97.8

• High efficiency
• Complex inte-

grated transformer

[40]
• High conversion ra-
tio
• Bidirectional power
flow
• Galvanic isolation
• ZVS

Single Phase
and

Three Phase
DAB

6.6 ∼99

• Bidirectional power
flow

• Circulating
current in the
high-frequency
transformer and
power switches [41]

• Galvanic isolation
• Higher pulsating
current at the input
side

• High power density
• Limited range of
soft switching
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Table 2.4: Continued.

Converter
Types

Converter
Topologies

Rated
Power
(kW)

Maximum
Efficiency
(%)

Strength Weakness Refs.

• ZVS
• Low voltage and
current stresses
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Chapter 3

Proposed Converter Design and
Modeling

This chapter explains the design process for the proposed asymmetric CLLL res-
onant DC-DC converter with a high voltage gain for EV battery charging and
discharging applications. A closed-loop controller has also been developed to con-
trol and stabilize the output voltage. Over a wide battery voltage range, the
developed converter can accomplish soft switching in both forward and reverse
working modes, offering great efficiency in G2V and V2G applications.

3.1 Operating Principles

The structure of an isolated bidirectional asymmetric resonant CLLL converter is
depicted in Figure 3.1. Both charging (G2V, or Grid to Vehicle), and discharging
(V2G, or Vehicle to Grid,) modes are possible with the converter. Two full-bridge
converters with four switches each make up this CLLL converter. To accomplish
inversion, the S14, as well as S23 switches, are activated in the forward direction
at 50% duty cycle. S58 and S67 will achieve rectification with their antiparallel
diodes. GaN transistors have inherent reverse conduction capabilities, hence anti-
parallel diodes are not necessary when using them as switching devices. Only the
reverse conduction of Si, SiC MOSFET, and IGBT transistors necessitates anti-
parallel diodes. In one operation period, the CLLL resonant converter has four
stages. The driving circuit’s operational scenarios are identical in both forward
and backward directions; only the resonant components differ. In the following
subsections, the operating principles of the proposed CLLL converter are investi-
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Figure 3.1: Structure of isolated bidirectional CLLL Resonant DC-DC Converter.

gated in both forward and reverse power flow modes.

3.1.1 Forward Operating Modes

The battery is charged in forward power flow mode. Figure 3.2 illustrates the
forward operational modes of the proposed bidirectional CLLL resonant converter.
As illustrated in Figure 3.2, the converter has four operational modes during a
single switching cycle. Modes 1 and 2 are repeated with different switch and
rectifier pairs to Modes 3 and 4. Modes 1 and 3 are for dead-time durations,
while Modes 2 and 4 are for resonance and power transfer. The primary switches
operate in the inverting mode while power is transferred from the primary to the
secondary side; however, the secondary switches turn OFF and operate as rectifiers
in the rectifying mode. Figure 3.3 shows the theoretical waveforms of the proposed
converter for all modes during a single switching cycle. In Figure 3.3, there are
only the waveforms of the forward operating mode. All of the forward operating
modes are thoroughly explained in this subsection.

Mode 1 [t1−t2]: This is a dead-time duration mode. The primary resonant current
ip passes through the anti-parallel diodes of S1, S4 switches and feeds back to the
input source, causing the switches to operate in the ZVS mode.

Mode 2 [t2 − t3]: S1, S4 switches are turned on in this mode. The voltage across
the transformer Tr1 secondary causes the body diodes of the secondary switches
S5, S8 to become forward-biased, and power is transferred to the battery via the
rectifier bridge. Because the input voltage source Vin forces the primary current
to a positive direction through the S1, S4 switches, the primary current changes
its direction to positive. During mode 2, Tr1 sees the output voltage on the
secondary side, and the magnetic energy of the magnetizing inductance, Lm, is
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(a) Mode 1

(b) Mode 2

(c) Mode 3

(d) Mode 4

Figure 3.2: Forward operational modes of the proposed bidirectional CLLL resonant converter.
The black lines represent the current conduction path, whereas no power flows along the grey
path.
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Figure 3.3: Waveforms of proposed CLLL converter in the forward direction.
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built up linearly. As a result, initially, Lm does not participate in the resonance.
Mode 2 will end when ip meets iLm, indicating the completion of the resonance
operation that transfers power from the primary to secondary sides. As a result,
the secondary current, is is zero. ZCS is achieved when the secondary side current,
is reaches zero while the diodes of the switches S5, S8 are turned off. At this
time, Lm, along with the series inductor L1 and capacitor C1, participates in the
resonance. The magnetizing energy will accumulate until the switches S1, S4 are
turned off.

Mode 3 [t3 − t4]: This mode, like mode 1, has a dead-time duration with the
switch pair S2, S3. The operation in this mode is similar to mode 1; under the
ZVS condition, the primary current passing through the antiparallel diode of the
switch pair S2, S3 can cause those switches to turn on.

Mode 4 [t4 − t5]: The S2, S3 switches are activated, and the converter begins to
transfer power from the primary to the secondary sides. During this mode, ip

changes direction for the same reason as in mode 2. Mode 4 performs the same
operation as mode 2 but with a different switch pair of S2, and S3. The resonance
and power transfer are turned off at the end of mode 4. Without power transfer
through Tr1, is becomes zero, and the antiparallel diode pair of S6, S7 is softly
commuted, resulting in ZCS in the same way as mode 2.

3.1.2 Reverse Operating Modes

During reverse power flow mode, the battery discharges. The full bridge converter
on the battery side functions as an inverter in this mode, converting the battery
voltage to a high-frequency square wave. On the DC bus side, full wave rectifi-
cation of the square wave is accomplished by using the antiparallel body diode
pair of switches S1 to S4, which are turned off during reverse operation. During
a single switching cycle, the converter has four operational modes, as shown in
Figure 3.4.

As can be seen, modes 3 to 4 in the second half cycle are symmetrical to modes
in the first half cycle. Power is transferred from the EV battery to the DC bus
in modes 1 through 4 except when ip meets iLm; modes 1 and 3 are dead time
intervals. The antiparallel diode pair of S5, S8, and S6, S7 switches are softly
commuted in modes 1 and 3, allowing ZVS operation. To facilitate ZCS operation,
the antiparallel diode pairs S1, S4, and S2, S3 are softly commuted in modes 2
and 4.
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(a) Mode 1

(b) Mode 2

(c) Mode 3

(d) Mode 4

Figure 3.4: Reverse operational modes of the proposed bidirectional CLLL resonant converter.
The black lines represent the current conduction path, whereas no power flows along the grey
path.
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Figure 3.5: Waveforms of proposed CLLL converter in the reverse direction.
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The waveforms of the converter in the reverse direction are plotted in Figure 3.5.
As can be seen from Figure 3.3 and Figure 3.5 the operating principles and the
waveforms of the converter in both operating modes are essentially the same.

Following a thorough examination of the operational procedures, it is revealed
that the CLLL resonant dc-dc converter can achieve ZVS on primary-side semi-
conductor switches as well as ZCS on secondary-side semiconductor switches.

3.2 Proposed Converter Design

The converter design includes finding the turns ratio of the transformer (n), formu-
lating the magnetizing inductance (Lm), capacitances (C1), resonant inductances
(L1 and L2), and developing a PSPWM-based optimized controller.

3.2.1 Design of the Transformer’s Turns Ratio

Resonant dc-dc converters are most efficient at the self-resonant frequency, fr.
As a result, the converter ought to operate at this frequency under typical op-
erating circumstances. The transformer’s turns ratio can then be determined by
calculating as,

n = N1

N2
= Vinnom

Vonom

(3.1)

where the transformer’s primary and secondary turns ratio, nominal input, and
output voltage are represented by N1, N2, Vinnom , Vonom respectively.

3.2.2 Design of the Resonant Components

Figure 3.6 displays the proposed CLLL converter’s equivalent circuit model in
both directions. The components of the resonant tanks are L1, L2, Lm, and C1.
When the converter is operating at its self-resonant frequency, the total impedance
is pure resistance. As a result, at self-resonant frequency, the converter’s reactive
impedance should be zero. The following equation can be derived from Figure 3.6:

−j
1

ωrC1
+ jωrL1 + jωr(Lmn2L2)

Lm + n2L2
= 0 (3.2)
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(a) Charging mode.

(b) Discharging mode.

Figure 3.6: Equivalent circuit model of the proposed CLLL resonant converter.

By simplifying Equation 3.2, the self-resonant frequency can be obtained, as shown
in Equation 3.3.

fr = 1
2π

√
C1(L1 + Lmn2L2

Lm+n2L2
)

(3.3)

Let Re, L′
2 be the corresponding equivalent Ro, L2 of the CLLL converters, and

here, Ro stands for the converter’s output load resistance. It is possible to calculate
the equivalent load resistance by using the First Harmonic Approximation (FHA)
technique. For the G2V or battery charging mode, L′

2 and Re, c of the converter
can be calculated as follows:

L′
2 = n2L2, Re, c = 8n2

π2 Ro (3.4)

The parameters for the V2G or battery discharging mode will be the same, and
they are as follows:

L′
2 = L2

n2 , Re, d = 8
n2π2 Ro (3.5)

By keeping the current flowing through primary-side switches negative at the time
of turn-on, ZVS in these switches can be ensured. The primary current ought to
be able to completely charge and discharge the output capacitors of the primary
switches during the dead time. The magnetizing inductance Lm and the length of
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the dead time determine the amount of this current. Therefore, the primary side
switches’ ZVS is controlled by the magnetizing inductance Lm, output capacitance
of switches (Coss), operating frequency, and dead time (tdead). This converter
performs in dead time like an LLC resonant dc-dc converter. This allows the
magnetizing inductance to be expressed in a manner that is similar to that of the
full-bridge LLC resonant dc-dc converter. Here is this expression [42]:

Lm ≤
tdead

16Cossfs,max

(3.6)

where the highest switching frequency is indicated by fs,max.

Under various load conditions, a relatively low magnetizing inductance Lm, guar-
antees ZVS in primary-side switching devices. On the other hand, Lm can never
be set too low. Too little Lm would cause the magnetizing current to be extremely
high, which would result in significant conduction losses, higher primary side ca-
pacitor peak voltage requirements, and higher apparent power requirements for
switching devices. A low magnetizing current is produced by a high magnetizing
inductance, but the converter’s voltage gain is constrained. Consequently, the
magnetizing inductance Lm should not be too high.

The dead time between switching devices has an impact on the ZVS range as well.
ZVS will be easier to achieve for a broad range of input and output voltages with
higher dead time. Additionally, by uplifting the inductance with a long dead time,
the magnetizing current could be decreased. On the other hand, a relatively high
dead time will cause a high primary RMS current because there will be no transfer
of energy during the dead-time duration. All of these issues must be kept in mind
when designing the magnetizing inductance Lm.

Figure 3.7 depicts the fluctuation of the converter voltage gain over a range of
normalized frequencies (fr/fs ratio) with varied loading circumstances, i.e., differ-

ent quality factors, Q =

√
L1
C1

Re
. As a result, the output voltage can be regulated

by modifying the converter’s switching frequency fs. Within a suitable switching
frequency range, the converter can function in the inductive area (as illustrated in
Figure 3.7), where the switch voltage leads the tank current waveform, ensuring
that the voltage returns to zero before the current rises and so ensuring ZVS.
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Figure 3.7: Gain waveforms of CLLL converter for different loading conditions.

3.2.3 Estimated Design Parameters

In G2V mode, the input voltage range is 400 − 460V , while the output voltage
range is 530− 610V . Correspondingly, in the V2G mode, the input voltage range
is 530− 610V , while the output voltage range is 400− 460V . The nominal oper-
ating frequency in the charging and discharging modes is 1MHz. The resonant
frequency is set at 1MHz. To step up the input voltage, the transformer turns
ratio, n is set to 400

530
∼= 0.8 according to Equation 3.1. Load resistance can be cal-

culated from Vo2
P

equation, where Vo and P are the expected output voltage and
power, respectively. From Equation 3.3, 3.4, 3.5, and 3.6 the resonant parameters
L1, L2, Lm, andC1 can be determined, producing:

L1 = 3.49µH, L2 = 4.62µH, Lm = 21.5µH, C1 = 3.91nF (3.7)

3.2.4 Design of the PSPWM-based Controller

For the regulation and stabilization of output voltages, an efficient closed-loop
controller has been designed. An optimized PID controller has been developed
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first, followed by an intelligent controller based on deep reinforcement learning.
The detailed design process of the two controllers will be provided in the following
sections.

3.2.5 PID Controller

The proposed discrete-time PID controller’s block schematic, which is based on
PSPWM, is provided below in Figure 3.8. The three main components of the con-

Figure 3.8: Block schematic for a PID controller.

troller are the ‘ZOH’ (Zero Order Hold) block, the ‘Discrete-time PID Controller
Transfer Function’ block, and the ‘Phase Shift PWM’ block. The difference signal
between the reference and actual output voltage levels is sampled by the ‘ZOH’
block and stored there. The output voltage is then stabilized and regulated by the
‘Discrete-time PID Controller Transfer Function’ block using proportional, inte-
gral, and derivative control. The following Equation 3.8 can be used to represent
the transfer function of a discrete-time PID controller in the Z domain:

C(z) = Kp + KiTsz

z − 1 + KdN(z − 1)
(1 + NTs)z − 1 (3.8)

Where Kp, Ki, andKd stand for the proportional, integral, and derivative gains of
the proposed PID controller, respectively, Ts is the sampling period, and N is the
parameter of the first-order filter on the derivative term. Once more, Equation 3.8
can be changed to yield the following:

C(z) = b0 + b1z
−1 + b2z

−2

a0 + a1z−1 + a2z−2 (3.9)
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which has the following coefficients:

b0 = Kp(1 + NTs) + KiTs(1 + NTs) + KdN (3.10)
b1 = −(Kp(2 + NTs) + KiTs + 2KdN), b2 = Kp + KdN (3.11)

a0 = (1 + NTs), a1 = −(2 + NTs), a2 = 1 (3.12)

Two optimization techniques, Genetic Algorithm (GA) [43] and Particle Swarm
Optimization (PSO) [44], were used to optimize the PID controller parameters.
Their step responses were also compared for the stability analysis. Because PLECS
excels at power electronics system level simulation and MATLAB is required for
controller optimization, MATLAB and PLECS co-simulation were used in this
work. In the GA, the search for the optimal solution space mimics the way nat-
ural selection drives biological evolution. It repeatedly adjusts a population of
individual solutions and, at each step, picks people from the current population
to be parents and utilizes them to generate offspring for the following generation.
The population progresses toward an optimal solution over subsequent generations
by achieving the best fitness value. ITAE (Integral of Time Weighted Absolute
Error) is employed as the fitness function in this case. Algorithm A.1 provides
the pseudocode for the GA algorithm. Figure 3.9 shows the minimum observed
fitness value as the genetic algorithm solver progresses. The optimized controller
parameter by the genetic algorithm is given in the following.

Kp = 11.0956, Ki = −12.7484, Kd = −3.8236, N = 3.0057 (3.13)

PSO, like GA, is a population-based algorithm. The main advantage of the PSO
is that it can find the best solution with the least amount of computation. This
PSO algorithm is inspired by swarming flocks of birds or insects. Based on an
objective function, each particle is drawn to some extent to the best place it has
located thus far, as well as the best location found by any member of the swarm.
After a few iterations, the population may congregate around a single site, a few
spots, or continue to migrate. Algorithm A.2 provides the pseudocode for the
PSO algorithm. Figure 3.10 shows the minimum observed fitness value as the
PSO algorithm solver progresses. The optimized controller parameter by the PSO
algorithm is given in the following.

Kp = −0.7053×104, Ki = −0.0555×104, Kd = 0.2595×104, N = −0.0664×104

(3.14)
The step response performance of these two optimization algorithms is compared
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Figure 3.9: Fitness value in genetic algorithm optimization.

Figure 3.10: Fitness value in PSO algorithm optimization.
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in Table 3.1. According to Table 3.1, both optimization techniques performed sim-
ilarly and satisfactorily. In some aspects, the GA PID controller performed better
than the PSO PID controller, which converged faster with less computation. As
a result, when it comes to fast computation, the PSO PID controller outperforms
the GA PID controller. As shown in Figure 3.8, The Phase Shift PWM block uses

Table 3.1: Step response performance of GA and PSO-optimized PID controller

Step Response Characteristics Plant with GA PID Controller Plant with PSO PID Controller
Rise Time (s) 1.5265e-05 1.5260e-05

Transient Time (s) 8.2185e-05 8.2388e-05
Settling Time (s) 8.2185e-05 8.2388e-05
Settling Min (V) 480.4168 480.4168
Settling Max (V) 648.2221 648.2221
Overshoot (%) 22.0123 22.0997

Undershoot (%) 0 0
Peak (V) 648.2221 648.2221

Peak Time (s) 3.0107e-05 3.0107e-05
ITAE 4.448e-07 2.9662e-07

the PSPWM technique in the output signal of the PID controller. It sends the
pulse signal that switching devices require in order to stabilize and regulate the
output voltage signal. Figure 3.11 depicts the block diagram of the PWM subsys-
tem. The PID output signal is compared with two sawtooth PWM carrier signals
with a 180-degree phase shift between them to generate the phase-shifted PWM
control signal waveform for the switches. The final gate signals for the switches
are generated by the SR flip-flop block. The internal block diagram of the SR flip
flop is shown in Figure 3.12. It was built with a pair of cross-coupled NOR logic
gates.

3.2.6 Deep Reinforcement Learning for Intelligent Control
of Proposed Converter

In EV powertrains, DC-DC bidirectional resonant power converters are extremely
nonlinear and prone to uncertainty, disturbance, and instability generated by lo-
cal surroundings. Because conventional PID controllers are only effective for a
restricted operational range of nonlinear systems, they are ineffective for manag-
ing this sort of DC-DC bidirectional resonant power converters. Again, the con-
ventional PID has weak tolerance to model parameter uncertainty. As a result,
the conventional PID controller will be inadequate for controlling the proposed
DC-DC CLLL converter. Furthermore, global optimization techniques such as
PSO and GA are computationally costly and are applied offline for benchmark-
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Figure 3.11: Phase shift PWM block diagram.

Figure 3.12: SR flip-flop block diagram.
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ing purposes. Real-time optimum control can alleviate the problems associated
with global optimization approaches by transforming the process into an instan-
taneous one. Several model-based strategies have been developed to provide real-
time optimum control, including model predictive control (MPC), sliding mode
controller (SMC), linear matrix inequality (LMI) controller, and Fuzzy logic con-
troller. However, un-modeled dynamics, which cannot be represented using deter-
ministic mathematical methodologies, make dc/dc converter control design chal-
lenging and prevent model-based strategies from projecting exactly or performing
adequately. The rationale for developing a model-independent controller for reso-
nant BDCs is that such systems are plagued by model errors, quantization effects,
and uncertainties in practice. To overcome this limitation, model-independent
data-driven approaches such as deep neural networks (DNNs) and deep reinforce-
ment learning (DRL) have been formulated to cope with uncertain or partially
unknown dynamics. Due to their restricted learning power, DNNs become inad-
equate at approximating the uncertain model of resonant BDCs. DRL can be
a useful solution for overcoming the constraints of previously used approaches.
In contrast to conventional control systems, DRL has the advantage of improved
self-learning through an interactive approach based on observational data from a
dynamic environment. DRL can make judgments and solve realistic control chal-
lenges. For instance, Deep Q Network (DQN) can train an action-value function
using DNNs and DRL in an iterative manner by applying a Bellman equation.
The DQN is emerging as a strong data-driven scheme to perform challenging
problems, such as controlling autonomous underwater vehicles, and autonomous
aerial vehicles (AAV). This is due to the considerable advancement of several novel
methodologies including experience replay and mini-batch learning in training the
DNNs. However, it is not feasible to directly employ DQN in continuous action
spaces since obtaining the best policy in continuous spaces needs optimization at
each time step. As a result, given large, unrestrained function approximators and
fairly complex action spaces, this optimization is just too slow to be feasible [45].
In order to overcome the drawbacks of the DQN algorithm’s operation in con-
tinuous action spaces, Lillicrap et al. [45] created the ‘Deep Deterministic Policy
Gradient’ (DDPG) algorithm. Although DDPG occasionally achieves excellent
performance, it is typically fragile in terms of hyper-parameters and other types
of tuning. A prominent failure scenario for DDPG is that the learned Q-function
tends to substantially overestimate value functions, resulting in a suboptimal pol-
icy that leverages the Q-function errors [46]. The ‘Twin Delayed DDPG’ (TD3)
method tackles this problem by making three modifications [46]:
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• Clipped Double Q learning: TD3 learns two Q-value functions rather than
one (thus the term “twin”) and employs the lesser of the two Q-values when
updating policy.

• Delayed Policy Updates: TD3 delays policy and target network updates in
order to minimize value error. This leads to higher-quality policy revisions.

• Target Policy Smoothing Regularization: TD3 introduces a tiny amount of
random noise to the target policy to make it more difficult for the policy
to exploit Q-function errors by smoothing out Q along with fluctuations in
action.

Recently, DRL has received a lot of attention from the research community. This
DRL algorithm is being used in a variety of applications. However, only a few
research studies have shown how effective DRL algorithms are as an intelligent
control strategy for DC-DC converters. For instance, Cui et al. [47] utilized the
‘Markov Decision Process’ (MDP) model and the DQN algorithm to solve the
problem of DC-DC buck converter stability issues. It has been proved that the
proposed control technique greatly reduces the settling time in the event of a
disturbance. In [48], DDPG was utilized for online adjustment of the ‘Active
Disturbance Rejection Controller’ (ADRC), which regulates an IoT-based DC-DC
buck converter serving constant power loads (CPLs). Tang et al. [49] developed
a DDPG-aided minimal reactive power control system based on the harmonic
analysis approach to minimize the reactive power for the DAB converter.

In this context, this research proposes a DRL controller as the optimal control
method for the proposed resonant BDC for applications involving the charging
of EV batteries. By engaging directly with the converter and learning optimal
control without having to precisely model the resonant BDC, this controller pro-
vides better control than the conventional PID controller. But, it is not always
practical to attach the actual, physical EV charger to a computer and allow the
DRL agent to communicate with the converter in order to learn. To train the
DRL agent, it is common to use approximate modeling and simulation of the con-
troller plant as nearly as feasible. In this work, the DRL agent is trained using
this methodology. Initially, the environment model for the DRL agent has been
put up using a ‘MATLAB Simulink’ model paired with ‘PLECS Blockset’. ‘The
PLECS Blockset’ was used to model the converter circuit so that practical con-
duction loss, switching loss, and thermal impedance data of switches from the
manufacturer’s PLECS model could be easily added. Second, the DRL agent was
trained using MATLAB’s newly released ‘Reinforcement Learning Toolbox’. To
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train the DRL agent, the TD3 algorithm was used. The DRL agent creates the
PSPWM signals required by the switches to maintain the proposed converter cir-
cuit’s voltage stability. Lastly, a DRL-PID validation circuit has been designed
and simulated in order to compare the performance of the DRL controller with
that of the conventional PID controller.

3.2.6.1 Deep Reinforcement Learning: A Brief Overview

This section provides a brief overview of DRL followed by an overview of the TD3
algorithm.

Key Concepts and Terminology in DRL Framework DRL involves learn-
ing how to act in order to accomplish a goal through interaction. The agent and
the environment are the key elements of the DRL. The agent is the DRL algo-
rithm’s learner and decision-maker. The environment is everything that surrounds
the agent and with which it interacts. A sequential decision-making process is used
by the DRL agent and its environment. They interact in a discrete time-step se-
quence. For a specific task, the agent’s actions represent the decisions it makes,
the states serve as the foundation for those decisions, and the rewards serve as
the standard by which those decisions are evaluated. The environment creates
rewards, which are used by the agent to judge how good or bad the current state
is. The goal of the agent is to maximize the cumulative reward, also known as
return, by reinforcing good actions over the poor in order to learn an optimal
policy. The agent knows and is entirely in control of everything that is within it;
nevertheless, it might or might not be fully aware of all that is outside. The key
elements of DRL are depicted in Figure 3.13 below. As shown in Figure 3.13, the

Figure 3.13: Basic DRL block diagram.

agent gets the state of the environment, St, at every time step t and chooses an
action, At, based on that state. The agent gets a quantifiable reward, Rt+1, for
its actions at time step t + 1, and as a result, is in a different state, St+1. The
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Markov decision process (MDP) is a term used to describe this kind of framework
of sequential decision-making processes. The probability of changing into state s′

at time t can be expressed by the following state transition probability function
for certain values of the prior state and action, as well as for specific values of
these random variables, s′ and r:

p(s′, r|s, a) .= Pr{St = s′, Rt = r|St−1 = s, At−1 = a} (3.15)

DRL’s terminologies agent, environment, and action are analogous to the control
system nomenclature controller, controlled system (or plant), and control signal
respectively. For the proposed converter, the controller or agent delivers the con-
trol signals (switching signals) required to regulate and stabilize the converter’s
or plant’s output voltage signal.

Returns The return is the total of the rewards over the last time step T. It can
be formulated using the subsequent Equation 3.16.

Gt
.= Rt+1 + Rt+2 + Rt+3 + ... + RT (3.16)

Discounted Returns Discounting affects the current worth of future rewards.
In this technique, the agent prioritizes present rewards above future rewards when
determining the return objective. Following Equation 3.17 gives an expression for
the discounted return.

Gt
.= Rt+1 + γRt+2 + γ2Rt+3 + ... =

∞∑
k=0

γkRt+k+1 (3.17)

where γ represents the discounted return and 0 ≤ γ ≤ 1.

Policies and Value Functions A policy is a guideline that governs how an
agent chooses actions based on states. The policy functions as the DRL agent’s
brain. It could be either deterministic or stochastic. The deterministic policy
is represented by µ, while the stochastic policy is represented by π. Equations
3.18 and 3.19 express the deterministic and stochastic policies, respectively. This
research examines the deterministic policy.

at = µ(st), (3.18)
at ∼ π(·|st). (3.19)
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Knowing a state’s or state-action pair’s ‘value’ is crucial in DRL. And value func-
tions are state (or state-action pair) functions that estimate how good it would
be for the agent to be in a certain state. In this case, ‘how good’ is defined in
terms of expected return. The following value function Equation 3.20, vπ, links
the value of s to the value of its probable successor states for any policy, π and
any state, s:

vπ
.= Eπ[Gt|St = s]
= Eπ[Rt+1 + γGt+1|St = s]
=

∑
a

π(a|s)
∑
s′

∑
r

p(s′, r|s, a)[r + γEπ[Gt+1|St+1 = s′]]

=
∑

a

π(a|s)
∑
s′,r

p(s′, r|s, a)[r + γvπ(s′)]

(3.20)

The Bellman equation for vπ is given in Equation 3.20. The value function vπ

is the only solution to its Bellman equation. The DRL algorithms’ approximate
computation and learning of vπ are dependent on this Bellman equation for vπ.

Optimal Policies and Optimal Value Functions Finding a policy that pro-
duces significant long-term rewards is roughly what it means to solve a DRL
problem. There is at least one policy that is always superior to other policies and
whose value functions are optimum. This is referred to as an optimal policy. Many
optimum policies may exist. and they can be represented by π∗. The optimum
value functions assign the highest expected return possible by any policy to any
state or state-action pair. The optimal policies all have the same optimal state
value and optimal action-value function. The state value function, v∗ is defined
by Equation 3.21 below.

v∗(s) .= max
π

vπ(s) (3.21)

Similarly, the following Equation 3.22 can be employed to define the action value
function, q∗.

q∗(s) .= max
π

qπ(s) (3.22)

3.2.6.2 The TD3 Algorithm-Based DRL Controller

Fujimoto et al. [46] discovered that function approximation errors in DRL methods
such as Double DQN and DDPG result in overestimated value estimates and sub-
optimal policy. To address the drawbacks of DQN and DDPG, they developed the
TD3 algorithm. The TD3 algorithm is a DRL approach that is model-free, online,
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and off-policy. The algorithm will be examined in three steps in the paragraphs
that follow.

1. Clipped Double Q-learning: First of all, the TD3 algorithm mimics the
original Double Q-learning formulation’s concept. It employs two actors
(πϕ1 , πϕ2) and two critics (Qθ1 , Qθ2), with πϕ1 being optimized in relation to
Qθ1 and πϕ2 being optimized in relation to Qθ1 [46]. This is expressed by
Equations 3.23 and 3.24 [46].

y1 = r + γQθ′
2
(s′, πϕ1(s′)) (3.23)

y2 = r + γQθ′
1
(s′, πϕ2(s′)) (3.24)

Both Q-functions employ a single target update, computed using the smaller
of the two Q-functions [46]:

y = r + γ min
i=1,2

Qθi′ (s′, πϕ′(s′)) (3.25)

The value target in this Clipped Double Q-learning cannot contribute any ad-
ditional overestimation when compared to the regular Q-learning target [46].
Then, by regressing towards that value target, both Q functions are learned
using the loss function Equation 3.26.

L(θi) = 1
N

N∑
j=1

(yj −Qθi
(sj, aj))2 (3.26)

2. Delayed Target Policy Updates: Second, target networks were employed
in the algorithm to give a steady goal in the learning process while also al-
lowing for more convergence in the training data. Without such target net-
works, every update generates some residual TD (temporal difference) error,
resulting in error buildup and divergence in training data. Yet, the usage
of rapidly updating target networks leads to extremely divergent behavior
when the policy is trained on the current value estimate [46]. Because of
this, the policy updates in this TD3 algorithm have been sufficiently delayed
to update the policy with a low variance value estimate.

3. Target Policy Smoothing: A learning target using a deterministic pol-
icy is highly susceptible to inaccuracies caused by function approximation
error when updating the critic, increasing the target’s variance [46]. This is
addressed by a regularizer known as target policy smoothing, which mimics
the SARSA learning update. The target policy was given a small amount
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of random noise and averaged over mini-batches. This led to the following
modified target update [46]:

y = r + γ min
i=1,2

Qθi′ (s′, πϕ′(s′) + ϵ),

ϵ ∼ clip(N (0, σ),−c, c).
(3.27)

where the added noise was clipped to maintain the target near to the original
action. Algorithm A.3 presents a pesudocode of the TD3 algorithm [46].

3.2.6.3 DRL Controller Experimental Setup

This section explains the DRL controller’s design process. First, an environment
model was developed for the DRL controller’s training. As the DRL agent, a
TD3 agent has been employed. Following the training of the TD3 agent, an
experimental setup was established to compare the controller’s performance to
that of traditional GA and PSO-optimized PID controllers. This DRL controller
was designed using MATLAB Simulink’s ‘Reinforcement Learning Toolbox’ and
PLECS Blockset software.

Environment Model for Training TD3 Agent The proposed CLLL resonant
DC-DC Converter model serves as the environment model in this work. This
control system’s objective is to maintain the converter’s output voltage at a level
that is consistent with a reference value in the presence of disturbances. The
PLECS Blockset software was utilized to create the environment model. As a
switching device for the converter, a PLECS model of E-mode GaN HEMT from
GaN Systems Inc. was used. Figure 3.14 depicts a PLECS Blockset circuit block
that serves as the environment model for training the TD3 agent. The block is
made up of the proposed CLLL converter circuit model.

Observation and Action Spaces The TD3 agent is trained in the environ-
ment with the observation and action spaces. The observation vector [

∫
edt e]T

forms the observation space for the TD3 agent. Here, e = V oref−V out represents
the tracking error signal of the DRL agent, while V oref and V out represent the
reference output voltage and actual output voltage of the proposed CLLL con-
verter, respectively. The two most important observation input signals used in
training DRL controllers are instantaneous error and integral error. The instanta-
neous error has no memory, whereas the integral error has the memory of previous
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Figure 3.14: DRL controller training setup.

errors. Integral error drives the DRL agent to reduce error to zero and aids in
more effective agent training. As we can see, the observation signal is shown in
Figure 3.14 connected to the TD3-based DRL agent block. This TD3-based DRL
agent has a continuous action space that provides the required switching signals
via a phase shift PWM block. As can be seen in Figure 3.14, the action signal is
linked to the PLECS Blockset circuit block.

Reward Function for TD3 Agent A reward function can be discrete, con-
tinuous, or hybrid. The agent in this work has been trained to reduce the error
to zero using a hybrid reward function. The reward function has been defined
as a function of instantaneous error. The discrete reward function is shown in
Equation 3.28 that follows.

Reward, r = 10, if |e(t)| < λ

= 1
|e(t)| , else.

(3.28)

Where λ is the expected error margin.

For being within the expected error margin, it offers a higher positive reward value;
for exceeding the expected error margin, it offers a very low positive reward value.
As a result, the learning agent will be encouraged to stay within the expected error
margin. The reward function is presented in continuous form by Equation 3.29.
It primarily serves as an action penalty reward for the learning agent to reduce
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the DRL agent’s control effort.

Reward, r = −0.01|u| (3.29)

Here, u is the control effort or action output of the proposed DRL agent.

The proposed DRL agent controller employs both reward functions (Equations 3.28
and 3.29) in a hybrid form. The agent attempts to maximize the reward by low-
ering the output voltage error signal of the proposed CLLL converter.

Actor and Critics Neural Networks Utilizing actor representation, the TD3-
based DRL agent determines which action to execute in response to observations.
To develop the actor, a DNN with observation input and action output was built.
The actor DNN architecture is portrayed in Figure 3.15. The network has three
layers: a feature input layer, a fully connected layer, and a tanh layer. The TD3-

Figure 3.15: TD3 actor DNN architecture.

based DRL agent utilizes two critic value-function representations to approximate
the long-term reward given observations and actions. To develop the two critics,
a DNN with two inputs, observation and action, and one output has been created.
The critics’ DNN architecture is illustrated in Figure 3.16.

Figure 3.16: TD3 critics DNN architecture.
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TD3 Agent hyper-parameters The hyper-parameters for TD3-based DRL
agents are listed in Table 3.2.

Table 3.2: TD3-based DRL agent Hyper-parameters

Hyper-parameters Settings

Actor learning rate 0.001
Critic learning rate 0.0001
Gradient threshold 1

Gradient threshold method L2 norm
L2 Regularization factor 0.0001
Optimization algorithm Adam

Exploration Model Gaussian action noise
Initial value of noise standard deviation

√
0.1

Decay rate of the noise standard deviation 0
Target policy smooth model Gaussian action noise
Policy update frequency, d 2
Target smoothing factor. τ 0.005
Target update frequency 2

Random experience mini-batch size 128
Experience buffer size 1000000

Discount factor, γ 0.995

TD3 Agent Training The TD3 agent has been trained for up to 1000 episodes,
each of which lasts a highest of 3000-time steps. Figure 3.17 depicts the DRL agent
learning curves based on TD3 for the last 300 episodes.
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Figure 3.17: TD3-based DRL agent learning curves.

3.2.6.4 Validation of Trained TD3 Agent-Based DRL Controller

The trained TD3-based DRL agent was simulated and compared to conventional
PID controllers optimized with PSO and GA. The step response of the three
controllers is depicted in Figure 3.18. As shown in Figure 3.18, the PSO and
GA-optimized PID controller and proposed TD3-based DRL controller both suc-
cessfully followed the output voltage reference value. Table 3.3 summarizes the
step response performance of these controllers based on various parameters. As can
be seen, all of the controllers provide reasonably fast responses. The TD3-based
DRL controller responded slightly faster than the PSO and GA-optimized PID
controllers in terms of rise time and peak time. The TD3-based DRL controller is
an online learning controller in this case, and it can learn and optimize its perfor-
mance without requiring exact modeling of the proposed DC-DC converter. The
PSO and GA-optimized PID controller, on the other hand, is an offline learning
controller that requires human assistance to optimize its parameters. It also ne-
cessitates the precise modeling of the proposed DC-DC converter. As a result, the
proposed TD3-based DRL controller can be effective for developing an intelligent
controller for power electronics converters.
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Figure 3.18: Comparison of TD3-based DRL agent step response performance with PSO and
GA-optimized PID controllers .
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Table 3.3: Step response analysis of TD3-based DRL, GA, and PSO-optimized PID controllers

GA PID PSO PID TD3 DRL

Rise Time (s) 1.4511e-05 1.4520e-05 1.4498e-05
Transient Time (s) 0.0001 0.0001 0.0014
Settling Time (s) 0.0001 0.0001 0.0014
Settling Min (V) 490.5009 490.5009 489.6007
Settling Max (V) 671.1536 671.1536 678.7318
Overshoot (%) 25.7702 25.6524 27.1111

Undershoot (%) 0 0 0
Peak (V) 671.1536 671.1536 678.7318

Peak Time (V) 2.9500e-05 2.9500e-05 2.9000e-05
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Chapter 4

Results and Discussions

This chapter outlines the performance of the proposed CLLL converter in both
forward and reverse power flow directions with various switching devices based on
Si, SiC, and GaN. Conduction loss, switching loss, and junction temperature data
for various switching devices were obtained from several manufacturers’ websites
for realistic simulations. A comparative analysis of these switching devices has
been presented to evaluate their performance. A comparison with other recent
works is also presented.

4.1 Performance Analysis

To validate the proposed system, simulations using the PLECS Standalone soft-
ware and MATLAB/Simulink were performed. Figure 4.1 depicts the peak effi-
ciency curves of the proposed CLLL converter using GaN E-HEMT devices under
varying load conditions for both G2V and V2G modes. The proposed CLLL con-
verter has a higher efficiency in the charging or G2V mode than in the discharging
or V2G mode. In both charging and discharging modes, the proposed converter
has good efficiency over a wide load range. Figure 4.2 depicts the peak efficiency,
output voltage, and output current vs switching frequency for the proposed con-
verter in both G2V and V2G modes. The peak efficiency was achieved at 1 MHz
switching frequency since it is the resonant frequency and accomplishes ZVS turn-
on at this frequency. That is why it has the highest efficiency at this frequency.
The peak efficiency of the converter began to drop below or above this switching
frequency. Because of the same reason, output voltage and output current are at
their peak at 1 MHz frequency and begin to decline below or above that level.
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Figure 4.1: Efficiency curves of CLLL Converter utilizing GaN Devices under varying load
conditions.

Utilizing automotive standard switching devices built with GaN, SiC, and Si, the
performance of the proposed converter was also assessed. PLECS device models,
including turn-on loss, turn-off loss, conduction loss, and thermal impedance data,
were obtained from various manufacturers’ datasheets for practical loss and effi-
ciency calculations. The subsections that follow describe the performance of these
devices using this converter.

4.1.1 E-mode GaN HEMT-Based CLLL Converter from
GaN Systems Inc.

In this work, a GaN switching device made by GaN Systems Inc., the GS-065-
150-1-D2, has been used. The GS-065-150-1-D2 is a 650V, 150A, and 10mΩ on-
resistance enhancement-mode GaN-on-silicon power transistor. It offers zero re-
verse recovery loss and an extremely high switching frequency (> 10MHz). In
charging mode, the converter’s simulated waveforms are shown in Figure 4.3. It
is clear that the switches turn on ZVS. The ripple in the output voltage is almost
zero. The circuit yields comparable outcomes in discharging mode.
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(a) Peak efficiency versus operating switching frequency.

(b) Output voltage versus operating switching frequency.

(c) Output current versus operating switching frequency.

Figure 4.2: Peak efficiency, output voltage, and output current versus operating switching
frequency for converter operating in the G2V and V2G mode.
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Figure 4.3: E-mode GaN HEMT enabled converter waveforms.

4.1.2 E-mode Planar SiC MOSFET-Based CLLL Converter
from Cree Inc.

For this work, the SiC switching device was an n-channel enhancement planar
MOSFET with the model number C3M0060065D from Cree Inc. This 650V, 29A

SiC MOSFET has a fast intrinsic diode with a small reverse recovery (Qrr),
fast switching with small capacitances, and high blocking voltage with low on-
resistance (60mΩ). Figure 4.4 displays the simulated waveforms for this SiC de-
vice’s charging mode. The waveforms show the ZVS of the switching device. In
comparison to the prior GaN device, the output voltage and current both are
marginally lower. Like the GaN device, the output voltage ripple is almost zero.
The converter’s discharging mode results in waveshapes similar to those.

4.1.3 Trench Structure SiC MOSFET-Based CLLL Con-
verter from ROHM Semiconductor

A trench gate SiC MOSFET with a 650V, 39A, and 60mΩ on-resistance that is
designed for high-efficiency server power supplies, renewable energy systems, and
EV chargers is the SCT3060AR from ROHM Semiconductors. The first company
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Figure 4.4: Waveforms of the proposed converter with Planar SiC device.
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to mass-produce trench-type MOSFETs, which increase efficiency while consuming
less power than traditional SiC MOSFETs, was ROHM, a SiC technology pioneer
and market leader. The performance of the converter with this device in charging
mode is shown in Figure 4.5. It is obvious from the waveforms that this device
also displays a ZVS turn-on. In comparison to the previous planar SiC device, the
output voltage and current are higher. The Trench SiC device performs better
than the previous planar SiC device as a result. Additionally, this device’s output
voltage and current closely resemble those of the previous GaN device. Similar
outcomes are produced by the converter in discharging mode.

Figure 4.5: Waveforms of the converter with Trench SiC device.

4.1.4 Si Power Transistor-Based CLLL Converter from In-
fineon Technologies

The SPP20N60C3 Si power transistor from Infineon Technologies has a voltage
rating of 650V , a current rating of 20.7A, and an on-resistance of 190mΩ. This
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device has better transconductance, a higher peak current capability, and a very
low gate charge. When using this device in charging mode, the performance of
the designed converter is shown in Figure 4.6. The output voltage has almost no
ripple. The switching device offers a ZVS turn-on in this instance as well. The
converter’s performance is similar in discharging mode.

Figure 4.6: Waveforms for the Si Power Transistor based Converter.

4.1.5 Field Stop Trench Si IGBT-Based CLLL Converter
from ROHM Semiconductor

The RGW60TS65DHR from ROHM Semiconductor is a 650V 30A Si field stop
trench IGBT. This device has a fast recovery diode (FRD) built in for reverse
conduction and a low switching loss. The converter’s operation with the device
in charging mode is shown in Figure 4.7. The output voltage is also free from a
ripple in this instance. It guarantees that ZVS is activated as well. The converter
functions similarly when discharging.
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Figure 4.7: Waveforms of the Si IGBT-based converter.
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4.2 Comparative Analysis

The loss comparison of the proposed converter in terms of total conduction loss
and total switching loss across the primary and secondary switches using the GaN,
SiC, and Si-based switching devices is shown in Table 4.1. According to Table 4.1,
the GaN System’s E-mode GaN HEMT switch outperformed the other SiC and
Si-based switching devices in terms of total switching loss across the primary
and secondary switches. However, while ROHM’s Field Stop Trench Si IGBT
performed better than the other GaN, SiC, and Si-based switching devices in terms
of total conduction loss, it performed the worst in terms of total switching loss,
which is equal to 305.64W . So, when we consider the two losses of the switches, we
can clearly see that the GaN System’s E-mode GaN HEMT is the best switching
device because its total conduction and switching loss sums to 176.64W (167.79W +
8.85W = 176.64W ), which is significantly lower than the other switching devices.
As a result, among the SiC, GaN, and Si-based semiconductor switching devices,
E-mode GaN HEMT made by GaN Systems Inc. is the best choice as a switching
device for the proposed CLLL converter.

Table 4.1: Loss comparison of the proposed converter

Utilized Switching Device Total Conduction Loss (W) Total Switching Loss (W)

E-mode GaN HEMT by GaN Systems Inc. 167.79 8.85
E-mode Planar SiC MOSFET by Cree Inc. 182.82 61.88

Trench Structure SiC MOSFET by ROHM Semiconductor 124.98 121.55
Si Power Transistor by Infineon 158.40 58.70

Field Stop Trench Si IGBT by ROHM Semiconductor 73.40 305.64

The overall effectiveness of the proposed CLLL converter using various switch-
ing devices is summarized in Figure 4.8. The designed CLLL converter, which
uses a GaN E-mode HEMT as a switching device, has the highest G2V efficiency
(97.4%), as shown in Figure 4.8a. GaN devices perform better than SiC and Si
MOSFET-based designs, but Si IGBT-based designs perform the worst. According
to Figure 4.8b, the situation in charging mode is comparable to that in discharging
mode. When different switching devices are used, the designed converter’s output
current is shown in Figure 4.8c. The lowest and highest output currents were at-
tained by Cree Inc.’s SiC and ROHM Semiconductor’s IGBT, respectively. To sum
up, an optimized converter solution can be provided by GaN-based switches made
by GaN Systems Inc. Moreover, as shown in Table 4.2, in terms of highest G2V
efficiency, highest V2G efficiency, and peak output power, this converter outper-
forms the GaN-based CLLLC resonant dc-dc converter proposed in [7], GaN-based
CLLC resonant dc-dc converter proposed in [50], the GaN-based multi-CLLC res-
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(a) Highest G2V Efficiency.
(b) Highest V2G Efficiency.

(c) Output Current.

Figure 4.8: Comparison of (a) Highest G2V Efficiency, (b) Highest V2G Efficiency, and (c)
Output Current.
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onant dc-dc converter proposed in [51], and the GaN-based asymmetric CLLC
resonant dc-dc converter suggested in [52]. The highest G2V efficiency (97.4%)
and highest V2G efficiency (96.67%) of the suggested converter are both mostly
higher than those of the findings presented in [7, 50–52]. The designed converter
ensures a high switching frequency (1MHz), which is higher than that of [50, 52]
and leads to high efficiency and high compactness. To minimize the converter’s
size and cost, a lower number of resonant elements were chosen for the converter
design. In comparison to the proposed converter, [7,50,51] utilized a higher num-
ber of resonant elements. Additionally, in the resonant elements of the proposed
converter, without the capacitance, the two resonant inductances can be integrated
with the HF transformer’s leakage inductances. Therefore, the proposed converter
can result in a more compact design than the converter presented in [7, 50–52].
The GaN-based switching devices were used in all of the converter structures.
Only the structure of the resonant converter differs. Moreover, an optimized PID
controller is proposed in the designed CLLL converter. Therefore, it is possible to
infer that the proposed isolated bidirectional CLLL resonant converter structure
is superior to those discussed in [7, 50–52].

Table 4.2: Performance comparison with existing topologies

Criteria [7] [50] [51] [52] This work

Max Vbus(V ) 465 540 400 400 610
Switch Technology GaN GaN GaN GaN GaN

Switching Frequency (MHz) 1 0.391 1 0.5 1
Resonant Elements 5 5 8 4 4

Highest G2V Efficiency (%) 97.2 95.2 92.2 97.02 97.4
Highest V2G Efficiency (%) 97 95.7 92 95.96 96.67

4.3 Publication

A recent issue of the journal “International Transactions on Electrical Energy
Systems” [IF: 2.639] published some of the work from this thesis [53].
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Chapter 5

Conclusions and Future Work

The key findings and contributions of the thesis are summarized in this chapter
along with recommendations for further research.

5.1 Conclusions

This thesis describes the detailed design process for an improved isolated bidirec-
tional resonant converter that uses a CLLL resonant structure. In comparison to
the conventional isolated bidirectional CLLLC resonant converter, this resonant
converter provides better performance and a more compact design. The con-
verter’s input and output voltage ranges are 400−460 V DC and 530−610 V DC,
respectively, at a switching frequency of 1 MHz, and it has been developed and
tested with a 5 − kW rated power. This converter makes it possible to transfer
power in both directions while also operating at high frequencies and high effi-
ciency. The switching loss in this MHz scenario is significantly reduced by this
CLLL converter architecture, which guarantees soft switching of both primary and
secondary semiconductor switches. The optimal PID controller was designed us-
ing PSO and GA-based algorithms. This work additionally suggests and analyzes
a model-free intelligent DRL controller based on the TD3 algorithm. A compari-
son was conducted between the DRL controller, the PSO, and the GA-optimized
PID controller. For designing an intelligent controller for DC-DC converters, the
designed DRL controller could be effective. The proposed converter is in-depth
examined in this paper, along with a comparison of the semiconductor switching
devices that can be used with it. Due to their low switching loss and zero reverse
recovery loss, the proposed CLLL converter employing GaN-based Switching de-
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vices from GaN Systems Inc. offers the highest efficiency of any switching device
currently on the market. The least efficient designs are those based on Si, followed
by SiC-based designs. This GaN-based CLLL converter has peak efficiencies of
97.40 percent for charging and 96.67 percent for discharging at full load. The size
of the passive resonant components is also small due to the converter’s high fre-
quency (1 MHz) operation. As a result, this proposed converter can thus achieve
a high power density. Therefore, this isolated bidirectional CLLL resonant dc-dc
converter based on the GaN switching device could be very effective for the EV
onboard charger systems due to its high performance and compact design.

5.2 Future Work

In the future, a complete EV battery charger hardware prototype based on the
proposed DC-DC converter will be developed, and a comparison of experimental
and simulated results will be conducted.
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Appendix A

Algorithms

Algorithm A.1: Pseudocode of Genetic Algorithm
1 Initialize Random Population;
2 Evaluate the population;
3 Generation = 0;
4 while the termination criterion is not satisfied do
5 Generation = Generation + 1;
6 Select elite individuals with lower fitness scores;
7 Perform crossover with probability crossover;
8 Perform mutation with probability mutation;
9 Evaluate the population;

10 end
11 Return the best individual during the evolution;

Algorithm A.2: Pseudocode of PSO Algorithm
1 Initialize the size of the particle swarm and other parameters;
2 Randomly Initialize the position and velocity of particles;
3 while the termination criterion is not satisfied do
4 for i = 1 to the number of particles do
5 Calculate the fitness function;
6 Update the personal and global best of each particle;
7 Update the velocity of the particle;
8 Update the position of the particle;
9 end

10 end
11 Return the position of the best particle;
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Algorithm A.3: Pseudocode of Twin Delayed DDPG (TD3) Algorithm
1 Initialize critic networks Qθ1 , Qθ2 , and actor network πϕ with random

parameters θ1, θ2, ϕ;
2 Initialize target networks θ1′ ← θ1, θ2′ ← θ2, ϕ′ ← ϕ;
3 Initialize replay buffer B;
4 for t = 1 to T do
5 Select action with exploration noise a ∼ πϕ(s) + ϵ, ϵ ∼ N (0, σ);
6 Execute action a in the environment;
7 Observe reward r and next state s′;
8 Store Transition Tuple (s, a, r, s′) in B;
9 Randomly sample mini-batch of N transitions (s, a, r, s′) from B;

10 Calculate target actions: ã← πϕ(s′) + ϵ, ϵ ∼ clip(N (0, σ),−c, c);
11 Calculate targets: y ← r + γ mini=1,2 Qθi′ (s′, ã);
12 Update critics θi ← argminθi

by minimizing the loss:
L(θi) = 1

N

∑N
j=1 (yj −Qθi

(sj, aj))2;
13 if t mod policy delay d then
14 Update the actor policy ϕ by the deterministic policy gradient:

∇ϕJ(ϕ) = 1
N

∑∇aQθ1(s, a)|a=πϕ(s)∇ϕπϕ(s);
15 Update the target networks with a slow-moving update rate, τ :

θ′
i ← τθi + (1− τ)θ′

i(critic),
ϕ′ ← τϕ + (1− τ)ϕ′(actor);

16 end
17 end
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