STACKED-SWITCHED ELECTROLYTIC
CAPACITOR-LESS AC/DC POWER
CONVERTERS

SIAMAK DERAKHSHAN

A DISSERTATION SUBMITTED TO
THE FACULTY OF GRADUATE STUDIES
IN PARTTIAL FULFILLMENT OF THE REQUIREMENTS
FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY

GRADUATE PROGRAM IN
ELECTRICAL ENGINEERING AND COMPUTER SCIENCE
YORK UNIVERSITY
TORONTO, ONTARIO

September 2025

(© Siamak Derakhshan, 2025



Abstract

The growing adoption of Electric Vehicles (EVs) has increased the demand
for compact, efficient, and reliable On-Board Chargers (OBCs) capable of in-
terfacing directly with the AC grid. Conventional single-phase AC/DC con-
verters often depend on bulky electrolytic capacitors, diode bridges, and hard-
switching circuits, leading to reduced reliability, increased losses, and limited
power density. Additionally, the need for bidirectional energy flow—such as
Vehicle-to-Grid (V2G) and Vehicle-to-Home (V2H)—requires grid-compliant
converters with enhanced functionality and robust control strategies.

This dissertation presents novel single-phase AC/DC converter topologies
and control systems designed to eliminate electrolytic capacitors while enabling
efficient bidirectional power transfer and robust grid-forming capabilities. The
work is organized around three primary contributions.

First, a unidirectional bridgeless AC/DC converter is proposed, utilizing a
stacked-switch configuration to reduce voltage stress and operating in Discon-
tinuous Conduction Mode (DCM) to achieve inherent power factor correction.
Closed-loop control based on Variable Frequency Modulation (VFM) is used
for voltage regulation, and a secondary-side duty modulation strategy mini-
mizes low-frequency ripple, enabling the use of compact, long-life capacitors.
Experimental validation on a 1.1kW prototype confirms high power factor
(>0.99), low THD (<2.5%), and soft-switching operation.

Second, a bidirectional converter is introduced, combining a half-bridge

dual stacked-switch AC/DC stage and a CLLC resonant DC/DC stage. A dq-
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frame-based controller ensures low harmonic injection and effective grid syn-
chronization in both power flow directions. Ripple reduction is again achieved
through duty modulation, validated on a 1kW prototype.

Finally, a robust grid-forming control scheme is developed using H., syn-
thesis with Linear Matrix Inequalities (LMIs), ensuring voltage stability un-
der uncertainty and distortion. Experimental results confirm dynamic perfor-
mance and low output distortion.

Together, these contributions support next-generation EV charging sys-
tems with high reliability, bidirectional capability, and electrolytic capacitor-

less design.

1l



To my parents

v



Acknowledgements

First and foremost, I would like to express my deepest gratitude to my su-
pervisor, Dr. John Lam, for his unwavering support, insightful guidance, and
incredible patience throughout my Ph.D. journey. His technical expertise and
mentorship have shaped not only the direction of my research but also the
way [ think as an engineer and a scholar. I truly appreciate the many con-
versations—both technical and personal—that helped me stay grounded and
motivated during the most challenging phases of this work.

I am also sincerely thankful to the members of my dissertation examination
committee, Dr. Afshin Rezaei-Zare and Dr. Ping Wang, for their valuable
time, constructive feedback, and continuous encouragement over the years.
Their thoughtful input helped refine the quality of this dissertation and has
been instrumental in shaping the final outcome.

I would like to extend my heartfelt appreciation to my parents, whose love
and sacrifices have been the foundation of everything I have achieved. Their
belief in my potential and their constant encouragement have been a powerful
source of strength throughout this journey. This accomplishment is as much

theirs as it is mine.



Contents

Abstract. ... ..o e e e e ii
Dedication ........ .ottt ittt it iv
Acknowledgments .........coiiiiiiiiiiii ittt i \%
Table of Contents ...ttt vi
List of Tables. ...ttt i i it i e viii
List of Figures. ....covuiiiiiiiiiiiiiiii ittt ieiieenrnneannnennns ix
List of Abbreviations...........cooiiiiiiiiiiiiiiiiiiiiiiiii., xiv
Chapter 1: Introduction............c.iiiiiiiiiiiiiiiiienenennnnn 1
1.1 Introduction ......... ... . 1
1.2 Electric Vehicles and Charging Infrastructure .................. 2
1.2.1  Off-Board Battery Chargers ............................. 8
1.2.2  On-Board Battery Chargers ............................. 11
1.3 AC/DC Power Converters for EV Charging .................... 14
1.3.1  Single-Phase Unidirectional Converters................... 15
1.3.2  Recent Unidirectional AC/DC Converter Topologies. ... .. 21
1.3.3  Single-Phase Bidirectional Converters .................... 23
1.4 Recent Bidirectional AC/DC Converter Topologies ............. 29
1.5 Storage Capacitance Reduction in AC/DC Power Converters ... 31
1.5.1 Different Types of Capacitors............................ 32
1.5.2  Voltage Ripple Reduction................................ 34
1.6 Control Principles in AC/DC Power Converters ................ 40
1.6.1 PFC Control ...... ... o 41
1.6.2  Voltage Regulation .......... ... ... ... ... ... .. ... 45
1.6.3 Grid-Forming Control ............. ... ... ... ... ... ... 47
1.6.4 Grid-Following Control ............ ... ... ... ... ... ... 50
1.7 Recent Grid-Connected Control designs for Bidirectional AC/DC

CONVETTOTS . .ttt e 52
1.8 Technical Challenges and Possible Solutions.................... 54

1.8.1 Achieving High Efficiency Without Compromising Sim-
DIty . oo 54
1.8.2 Managing Large Storage Capacitance Requirements ...... 54
1.8.3 Supporting Bidirectional Power Flow and Grid Services .. 55

1.8.4 Robust GFM Control with Improved Transient Perfor-
INAIICE . « .o v ettt e e et ettt e e et e e e e e 55
L85 SUMMATY ...ttt 56
1.9 Research Objectives ... ... ... 56
1.10 Dissertation Outline....... ... .. ... i i 57

Chapter 2: Unidirectional Bridgeless, Stacked Switch-Pair-Based
AC/DC Power Converter with Minimal Storage Capacitance 59

2.1 Introduction ... 59
2.2 Description and Operation of the Converter.................... 60
2.3 Converter Analysis ..... ... .. 66
2.3.1 PFC Boost Converter...............cooiiiiiiiieieiiinn. 66
2.3.2  Maximum and RMS Switch Currents .................... 69
2.3.3 Voltage Gain ... 71



2.4 Control System Design .......... ... i 74

2.4.1 Input Current Control ............ ... ... .. ... .. .c..... 75
2.4.2  Output Voltage Regulation ................. ... ... .... 7
2.4.3 Output Voltage Ripple Reduction........................ 80
2.5 Experimental Validation.............. ... ... .. 82
2.5.1 Design Procedure............ ... ... i 84
2.5.2 Steady-State Experimental Results....................... 85
2.5.3 Dynamic Response Experimental Results................. 92
2.5.4  CompPariSOmn .. ......ouuuiit it 93
2.6 Chapter Summary...........c..oiiiiiii i 96

Chapter 3: Bidirectional Half-Bridge/Dual Stacked-Switches
Structured Electrolytic Capacitor-Less AC/DC Power Con-

U253 1< 99

3.1 Imtroduction ........... . 99

3.2 Description and Operation of the Converter.................... 100

3.3 Converter Analysis ....... ..o 106

3.3.1 Half-Bridge PFC Converter .............................. 106

3.3.2 Ripple Reduction Method ............... ... ............. 110

3.4 Control System Design ........... ... .. i 114

3.4.1 PFC Current Controller ................ .. ... .. ....... 115

3.4.2 Output Voltage Regulation .............................. 118

3.4.3 Ripple Reduction Controller ............................. 121

3.5 Experimental Validation.............. ... .. ... ... 125

3.5.1 AC to DC Mode Experimental Results................... 126

3.5.2 DC to AC Mode Experimental Results................... 133

3.5.3 Dynamic Response Experimental Results................. 136

3.5.4  CompariSon . ....... ...t 138

3.6 Chapter Summary.......... ... 141
Chapter 4: Linear Matrix Inequality-Based Robust H,, AC-

Grid-Forming Control System..................ooiiiiiiiat, 143

4.1 Introduction ........... i 143

4.2 State-Space Dynamic Modeling ............... ... .. ... . ..., 144

4.2.1 Integral Augmentation for Zero Steady-State Error ....... 145

4.2.2  Polytopic Uncertainty Modeling ......................... 148

4.3 Robust H,, GFM Controller Design ........................... 150

4.4  Experimental Validation............. ... ... .. 152

4.5  Chapter SUMMATY ... ...ttt 163

Chapter 5: Conclusion and Future Work....................... 165

5.1 Contributions ... 165

5.2 Future Work ... .. o 166

Bibliography .......ccooiiiiiiiiii i e 168

Appendix A: List of Publications . .. ..................... 177

Appendix B: Printed Circuit Board (PCB) Layouts ........ 179

Appendix C: PSIM Schematics .......................... 182

vii



List of Tables

= Ww N e
— N= N~ N

Charging stations classification................................. 7
Comparative analysis of electrolytic, film, and ceramic capacitors. 35
Parameter Values of the Designed Prototype ................... 83
Comparison with the State-of-the-Art EV OBCs................ 90
Parameter Values of the Designed Prototype ................... 126
Comparison with the State-of-the-Art EV OBCs................ 142
Parameter Values of the Designed Prototype ................... 153

viil



List of Figures

1.1

—_ =
w N

—_ =
(> NG N

e e e = (O 00 ]

e e e e e e e e
OO U= WN — O

= =
DN DO
)

1.22
1.23
1.24
1.25

1.26
1.27

1.28
1.29
1.30

Carbon dioxide emissions from energy-related activities, cate-
gorized by economic sector in the United States in the year 2024

(L] 3
U.S. energy-related carbon dioxide emissions by sector, 2020-
2024 (18] oo 4

Global EV sales by region from 2015 to 2024. Data based on
reported sales volumes from China, Europe, the U.S., and other

global markets [18]. ... ... ... 5
Power connections and off-board charging system for HV bat-

tery system in EV... ... 9
Power connections and on-board charging system for HV bat-

tery system in EV... ..o 12
Types of PFC: (a) Passive PFC, (b) Active PFC using a boost

&0 074 11 16
Diode Rectifier with Two-Level Boost Converter. ............... 17
Diode Rectifier with Three-Level Boost Converter............... 17
Full-bridge rectifier with isolated resonant circuit. .............. 18
AC/DC converter with bridge-less topology. .................... 19
AC/DC converter based on totem-pole bridge-less topology.. .. .. 19
A diode-clamp five-level AC/DC converter. ..................... 20
Half-bridge PWM converter as PFC. ........... ... .. ... ..., 24
Full-bridge PWM converter as PFC. ........................... 25
Three-Level converter as PFC. ... ... ... ... ... ... ... 26
Dual active bridge bi-directional converter. ..................... 26
Three-level bi-directional converter. ............................ 27
Four-switch string structure bi-directional converter............. 27
Ripple characteristics of the four-switch string converter in rec-

tifier mode. ... ... 28
Bi-directional DAB-based matrix converter. .................... 28
Totem-pole bi-directional AC/DC converter..................... 29
Electrolytic Capacitor [T7]...... ..., 33
Film Capacitor [T8]. .. ... .o 33
Ceramic Capacitor [79]. ... ...t 34
Popular voltage ripple reduction circuits: (a) low-pass filter, (b)

common mode choke filter, (c¢) capacitance multiplier. .......... 36
AC/DC converter employing synchronous rectification. ......... 37
Output waveforms from a synchronous rectification converter

synchronized to double-line frequency. .......................... 38
Fafmonic injection-based control strategy for ripple mitigation

7 39
PFC based on peak current control implemented on boost con-

74 11 42
Current waveform while implementing peak current control tech-

THQUE. o ettt ettt e e e e e e e e e 42

X



1.31
1.32
1.33
1.34

1.35
1.36
1.37
1.38
1.39
1.40
1.41
1.42
1.43
1.44
1.45
1.46
1.47

2.1
2.2
2.3

2.4
2.5
2.6
2.7

2.8
2.9

2.10
2.11
2.12

2.13
2.14

2.15
2.16
2.17
2.18

2.19
2.20

2.21

PFC based on average current control implemented on boost

COMVETTOT. oo e 43
Current waveform while implementing average current control

technique. ... .o o 43
PFC based on hysteresis current control implemented on boost

COMVETEOT. © ottt e ettt e 44
Current waveform while implementing hysteresis current control

technique. ... ..o 44
Pulse Width Modulation scheme. .............................. 46
Block diagram of duty ratio control based on PI controller. ..... 46
Phase-Shifted full-bridge converter.............................. 47
PSM-based waveforms of a phase-shifted full-bridge converter. .. 47
CLL-based resonant converter. .................... oo, 48
CLL resonant circuit gain waveform. ........................... 48
Block diagram of VFM control based on PI controller. .......... 48
GFEM control. ... ... 49
GFM control using LCL filter interface. ........................ 50
GFM control structure. ............... 50
GFL control. ....... o1
GFL inverter with LCL filter. .......... ... .. .. ... .. .. ..... 52
GFL control structure. ................ i 52
Single-stage stacked switches-based bridgeless AC/DC converter. 60
Key operating waveforms of the AC/DC converter. ............. 62
Operational stages of the bridgeless AC/DC converter within a

switching period in the positive half cycle....................... 63
Conditions for DCM and CCM operation of the front-end PFC

boost rectifier. ... ... 68
Input current example of the DCM PFC converter operating in

CCM at the peak of the input voltage. ......................... 69
Equivalent circuit of the CLLC resonant circuit in the AC/DC

&0 131 1) 72
Overall voltage gain plot of the converter for Dy = 0 for m = 10

and k= 0.8, .. 73
Overall voltage gain plot of the converter for Dy > 0. ........... 74
Block diagram of the developed input current controller for the

COMVETTOT. .ttt e et e e et 75
Block diagram of the developed VFM-based output voltage reg-

ulation controller for the converter.............................. 78
Bode diagram of the closed-loop system for the developed VFM-

based controller. ....... ... ... . . 78
Block diagram of the developed ripple reduction controller for

the converter.. ... ... . 79
Ripple Reduction Control key waveforms. ...................... 79
Bode diagram of the closed-loop system for the developed ripple

reduction controller. ....... ... ... . .. 80
Picture of the Proof-of-concept Prototype....................... 82
Soft-switching region of the designed converter.................. 83
Input and Output waveforms of the converter at rated power.... 85
Input voltage, input current, and boost inductor current wave-

fOTIS. . 86
Voltage over and current flowing through S at line frequency. .. 87
Voltage over and current flowing through S; at switching fre-

QUETICY. « « ettt ettt e e e e e e e e e e e e e 87
Voltage over and current flowing through S5 at line frequency. .. 88

X



2.22

2.23
2.24

2.25
2.26
2.27
2.28
2.29
2.30
2.31
2.32

3.1

3.2
3.3
3.4
3.5

3.7
3.8

3.9

3.10
3.11

3.12
3.13
3.14
3.15
3.16
3.17

Voltage over and current flowing through S, at switching fre-

QUETICY. -« ettt ettt e e e e e e e e e e e e e e e 89
Voltage over and current flowing through Sg at line frequency. .. 91
Voltage over and current flowing through Sg at switching fre-
QUETICY. « « e ettt e ettt et e e e e e e e e e e e e e 91
Dynamic performance of the system against output voltage ref-
erence change. ........... .. 93
Dynamic performance of the system against input voltage vari-
ALIOM. . 94
Dynamic performance of the system without and with the closed-

loop control systems. ......... ... 95
Efficiency Curve of the designed converter for different input
VOIEA@ES. . . 96
Power Factor Curve of the designed converter for different input
VOILAZES. . o oot 96
Harmonic distortion captured from the hardware experimental
prototype showing first to seventh harmonics. .................. 97
Harmonic distortion captured from the hardware experimental
prototype showing seventh to thirteenth harmonics.............. 97
Harmonic distortion captured from the hardware experimental
prototype showing thirteenth to nineteenth harmonics........... 98
Half-bridge/dual-stacked switched-structured bridgeless bidirec-
tional AC/DC converter. .......... ..o, 100
Key operating waveforms of the designed bidirectional AC/DC
COMVETTET. .\ttt e e e e e 103
Operational stages of the designed bridgeless bidirectional AC/DC
converter within a switching period in the positive half cycle. ...105
Operational stages of the employed bidirectional HB PFC con-

74 11 106

Visualization of dg and af reference frame with corresponding

VECTOTS. . . 108
Soft-switching condition, (a) ZVS turn ON, (b) ZCS turn ON
and, (c) hard-switching............... ... ... i, 110

Active rectification for both modes of the designed bidirectional
converter. (a) Converter’s operation in AC to DC mode, (b)

Converter’s operation in DC to ACmode. ...................... 111
Equivalent circuit of the CLLC resonant circuit connected to
leg A of the designed converter. ................ ... ... ... . .... 113

Overall voltage gain plot of the designed converter for Dy > 0. ..115
Block diagram of the developed PFC controller for the designed

bidirectional converter............ . ... ... 117
Bode diagram of the closed-loop system for the developed dg-
based PFC controller............. ... . .. i 118
Block diagram of the developed VFM-based output voltage reg-
ulation controller for the designed converter..................... 119
Bode diagram of the closed-loop system for the developed VFM-
based controller. ........... ... .. . . 119
Block diagram of the developed ripple reduction controller for
the designed converter. ......... ... ... . . i 121
Bode diagram of the closed-loop system for the developed ripple
reduction controller. ............ . .. .. . 122
Unified block diagram representation of all the developed con-
trol Systems. . ... 123



3.18
3.19

3.20
3.21
3.22
3.23
3.24
3.25
3.26
3.27
3.28
3.29
3.30
3.31
3.32
3.33
3.34
3.3
3.36
3.37

4.1
4.2

4.3
4.4

4.5
4.6
4.7
4.8

Picture of the Proof-of-concept prototype. ...................... 125
Input and Output waveforms of the converter at rated power in

ACto DCmode. ... 127
Voltage over and current flowing through S; at line frequency
in ACtoDCmode. ....... ... i 127
Voltage over and current flowing through S; at switching fre-
quency in AC to DCmode. ............o i 128
Voltage over and current flowing through S3 at line frequency
in ACto DCmode. ... 129
Voltage over and current flowing through S; at switching fre-
quency in AC to DCmode. ............o i 130
Voltage over and current flowing through S, at line frequency
in ACto DCmode. ... 130
Voltage over and current flowing through S, at switching fre-
quency in AC to DCmode. ... 131
Voltage over and current flowing through Sg at line frequency
in ACto DCmode. ... 132
Voltage over and current flowing through Sg at switching fre-
quency in AC to DCmode. ...........o i 132
Voltage over the DC-link capacitors Cj; (V1) and Cye (Ve),
and overall DC-link voltage in AC to DCmode. ................ 133
Input and Output waveforms of the converter at rated power in
DCto ACmode. ... 134
Voltage over and current flowing through S; at switching fre-
quency in DC to ACmode. ... 134
Voltage over and current flowing through S7 at switching fre-
quency in DC to ACmode. ... 135
Voltage over and current flowing through Sg at switching fre-
quency in DC to ACmode. ... 136
Dynamic performance of the system against input voltage vari-
ation in AC to DCmode. .......... .. i 137
Dynamic performance of the system against input current ref-
erence change in DC to ACmode............................... 138
Efficiency Curve of the designed converter for different input
VOIEA@ES. . . 138
Power Factor Curve of the designed converter for different input
VOILAZES. . oot 139
Harmonic distortion captured from the hardware experimental
PIOBO Y D . o et 139
Block diagram of the designed AC-GFM controller for an OBC
connected to unknown load through LCL filter.................. 146
Unified Block diagram of all the controllers implemented in the
OBC in Chapter 3 during V2H operation. ...................... 147
Picture of the Proof-of-concept prototype. ...................... 153
Input and Output waveforms of the converter at rated power in
DC to AC mode with AC-GFM controller. ..................... 154
Experimental voltage and current waveforms of switch S; at
line frequency, confirming ZVS behavior. ....................... 155
Switch S; waveforms at switching frequency showing ZVS turn-
on during high-frequency operation (case 1)..................... 155
Switch S; waveforms at switching frequency showing ZVS turn-
on during high-frequency operation (case 2)..................... 156
Experimental THD and output voltage waveform for L;, =
350 pH, showing 1.96% THD. ....... .. ... ... it 157

xii



4.9 Experimental THD and output voltage waveform for nominal

case L;, = 550 pH, showing 2.20% THD. ....................... 157
4.10 Experimental THD and output voltage waveform for L;, =
1 mH, showing 2.94% THD........ ... 158

4.11 Experimental validation of dg reference tracking performance.

The d- and g-axis voltage references are changed from (1.0,0.0) p.u.

£0 (0.8,0.6) Dol + vttt 159
4.12 Experimental load voltage and current waveforms at 750 W load.161
4.13 Experimental load voltage and current waveforms at 850 W load.162
4.14 Experimental dynamic response under load change.............. 162

B.1 PCB layout of the proposed AC/DC bidirectional converter. ....179
B.2 3-D view of the PCB layout of the proposed AC/DC bidirec-

tional converter. ..... ... ... . 180
B.3 PCB layout of the measurement board designed for the pro-

posed AC/DC bidirectional converter. .......................... 180
B.4 3-D view of the PCB layout of the measurement board designed

for the proposed AC/DC bidirectional converter. ............... 181
C.1 Diagram of a proposed unidirectional AC/DC converter topol-

ogy and its control blocks from PSIM........................... 182
C.2 Diagram of a proposed bidirectional AC/DC converter topology

in AC to DC mode and its control blocks from PSIM. .......... 183
C.3 Diagram of a proposed bidirectional AC/DC converter topology

in DC to AC mode and its control blocks from PSIM. .......... 183

C.4 Diagram of a proposed bidirectional AC/DC converter topology
in DC to AC mode and the developed AC-GFM control block
from PSIM. ... ... 184

xiil



List of Abbreviations

ADC
Al
BMS
CCM
CLL
CLLC
DC
DCM
DPT
DSP
dq
EMI
EV
FB
FFT
G2V
GFM
GFL
HB
HV
ICE
IEC
IEEE
LCL
LMI
MPPT
MOSFET
OBC
PCB
PCC
PFC
PLL
PSM
PWM
RMS

Analog-to-Digital Converter

Artificial Intelligence

Battery Management System

Continuous Conduction Mode
Capacitor-Inductor-Inductor (Resonant Circuit)
Capacitor-Inductor-Inductor-Capacitor
Direct Current

Discontinuous Conduction Mode

Double Pulse Test

Digital Signal Processor
Direct-Quadrature (Reference Frame)
Electromagnetic Interference

Electric Vehicle

Full-Bridge

Fast Fourier Transform

Grid-to-Vehicle

Grid-Forming

Grid-Following

Half-Bridge

High Voltage

Internal Combustion Engine

International Electrotechnical Commission
Institute of Electrical and Electronics Engineers
Inductor-Capacitor-Inductor Filter

Linear Matrix Inequality

Maximum Power Point Tracking
Metal-Oxide—Semiconductor Field-Effect Transistor
On-Board Charger

Printed Circuit Board

Point of Common Coupling

Power Factor Correction

Phase-Locked Loop

Phase Shift Modulation

Pulse Width Modulation

Root Mean Square

Xiv



SiC
SoC
SR
THD
UPS
V2G
V2H
V2L
VDC
VFM
VRRC
ZCS
ZVS

Silicon Carbide

State of Charge

Synchronous Rectification
Total Harmonic Distortion
Uninterruptible Power Supply
Vehicle-to-Grid
Vehicle-to-Home
Vehicle-to-Load

DC-Link Voltage

Variable Frequency Modulation
Voltage Ripple Reduction Circuit
Zero Current Switching

Zero Voltage Switching

XV



Chapter 1

Introduction

1.1 Introduction

The global shift toward sustainable transportation has accelerated the adop-
tion of Electric Vehicles (EVs), driven by advancements in battery technology,
environmental concerns, and supportive governmental policies. As the number
of EVs continues to grow, so does the demand for efficient, reliable, and cost-
effective charging infrastructure. At the core of this infrastructure lie power
electronic converters, which facilitate the critical energy conversion processes
required for EV charging [1], [2].

In particular, AC/DC power converters play a fundamental role in con-
necting EVs to the electric grid. These converters are responsible for recti-
fying grid-supplied Alternating Current (AC) into the Direct Current (DC)
required by EV batteries. Depending on their location within the charging
system, these converters may be integrated into the vehicle itself—known as
On-Board Chargers (OBCs) or be part of external charging stations, referred
to as off-board chargers. Each configuration presents distinct design challenges
and performance requirements, particularly in terms of size, efficiency, power
density, and control complexity [3], [4].

Furthermore, the emergence of bidirectional charging systems has intro-
duced new paradigms such as Vehicle-to-Grid (V2G) and Vehicle-to-Home
(V2H), enabling EVs to act not only as energy consumers but also as dynamic
storage resources. These applications necessitate the development of advanced
bidirectional converters capable of handling power flow in both directions while

1



ensuring grid compliance and system stability [5], [6].

One of the key technical challenges in the design of EV chargers, especially
for single-phase systems, is the bulky storage capacitance traditionally required
to meet ripple requirements. Reducing or eliminating this capacitance without
compromising performance is an ongoing research focus, with implications
for converter size, reliability, and cost [7]-[9]. Additionally, the development
of robust control strategies is essential for ensuring stability, fast dynamic
response, and accurate power regulation under varying grid and load conditions
[10]-[12].

This dissertation investigates the design, modeling, control, and implemen-
tation of single-phase AC/DC converters for EV charging applications, with a
particular emphasis on storage capacitance reduction, bidirectional operation
and robust performance. It aims to contribute novel design methodologies and
control strategies that improve performance while reducing component stress,
size, and cost. The following sections outline the relevant background, high-
light key technical challenges, and present the research objectives that guide

this work.

1.2 Electric Vehicles and Charging Infrastruc-
ture

Climate change is caused by the buildup of greenhouse gases in the atmo-
sphere, with carbon dioxide (C'O,) being the most common of these gases.
The combustion of fossil fuels such as coal, oil, and natural gas, as well as
their derivatives like gasoline and diesel fuel, leads to the release of carbon
dioxide into the atmosphere [13]. As illustrated in Fig. 1.1, the transportation
sector was responsible for approximately 39% of the total U.S. energy-related
carbon dioxide emissions in 2024. This makes it the largest contributor among
all economic sectors, followed by electric power generation (30%) and the in-
dustrial sector (20%) [14], [15]. The continued dominance of transportation in
emissions has heightened environmental concerns and underscored the urgency

of transitioning to cleaner mobility technologies.
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Residential (6.3%)

Industrial (19.8%)
Commercial (5.2%)

Transportation (38.7%) Electric Power (29.9%)

Figure 1.1: Carbon dioxide emissions from energy-related activities, catego-
rized by economic sector in the United States in the year 2024 [14].

Figure 1.2 presents a sector-wise breakdown of U.S. energy-related C'Os
emissions from 2020 to 2024. Over this five-year period, total C'O, emissions
peaked in 2022 at nearly 5,000 million metric tons, before declining modestly
in the subsequent years. This trend reflects a partial rebound in emissions
following the COVID-19 pandemic and a gradual transition toward cleaner
energy sources.

Among all sectors, the transportation sector consistently accounted for the
largest share of emissions, with a steady rise from approximately 1,630 million
metric tons in 2020 to around 1,848 million metric tons in 2024. This per-
sistent dominance highlights the sector’s significant environmental footprint,
primarily driven by gasoline and diesel consumption in road vehicles and avi-
ation.

The electric power sector, which ranked second in emissions, saw a gradual
decline from its 2021 peak of approximately 1,553 million metric tons to 1,427
million metric tons in 2024. This drop may be attributed to the increased
penetration of renewable energy sources and improved grid efficiency.

Industrial emissions remained relatively stable, averaging close to 950-960

million metric tons throughout the period, while residential and commercial



emissions fluctuated slightly year over year but stayed within the 300-340 and
230-260 million metric ton ranges, respectively. These lower values reflect their
relatively smaller contributions, likely influenced by seasonal heating demand
and changes in energy efficiency practices.

Overall, the figure demonstrates a modest but observable effort in reducing
power sector emissions, while transportation continues to be a key challenge

in the U.S. decarbonization pathway.

U.S. energy-related carbon dioxide emissions by sector, 2020-2024
5000

4000

—— Transportation
Electric Power
Industrial

—— Residential

—— Commercial

—— Total CO: emissions
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o
o

Million metric tons of CO2
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Figure 1.2: U.S. energy-related carbon dioxide emissions by sector, 2020-2024
[15].

To address this issue, development of a grid-connected EV transportation
system has been considered as one of the best solutions to help significantly
reduce fossil fuel consumption [16], [17]. Therefore, there is a rapid increase in
EV sales across the globe that can be attributed to a confluence of factors, in-
cluding government policy support, improvement in battery technology, more
charging infrastructure and new compelling models from EV manufactures.As
illustrated in Fig. 1.3, global EV sales have experienced remarkable growth
over the past decade, rising from fewer than 1 million units in 2015 to over
17 million units in 2024 [18]. This rapid expansion reflects the growing adop-

tion of EVs across key regions, driven by government incentives, technological
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advances, and tightening emissions regulations.

China has remained the dominant market throughout the period, account-
ing for approximately 65% of global EV sales in 2024 with over 11 million units
sold. This growth is largely due to robust domestic policy support and a highly
competitive manufacturing ecosystem. Europe’s EV market grew steadily un-
til 2022 and then plateaued at around 3 million units annually. In contrast,
the U.S. market showed modest but consistent growth, reaching 1.8 million
units in 2024. The rest of the world, including Southeast Asia, Latin America,
and the Middle East, collectively saw a sharp rise to 1.3 million units in 2024,

indicating an increasingly global shift toward electrified transportation.
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Figure 1.3: Global EV sales by region from 2015 to 2024. Data based on
reported sales volumes from China, Europe, the U.S., and other global markets
[18].

DC fast and ultra-fast charging infrastructure are being developed to match
the driving range of internal combustion engine-based vehicles, and plugging to
the power grid facilitates reactive power support, load balance, and integration
of renewable energy resources. Moreover, High-Voltage (HV) battery systems
are emerging as an attractive power solution for EVs due to their ability to

provide ultra-fast charging, and recent commercial EVs such as the Porsche
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Taycan and Aston Martin Rapide Type E have revealed their 800Vdc battery
technology. Given Canada’s ambitious commitment to reducing greenhouse
gas emissions (GHG) by 30% from 2005 levels under the Paris Agreement by
2030, and its goal of achieving net-zero emissions by 2050 in the fight against
climate change [19], investigation on recent trends in EV systems and power
electronic technology utilized in them becomes of paramount importance.

As EVs continue to gain traction worldwide, the importance of a fast, reli-
able, and efficient charging infrastructure has grown in parallel. A key enabler
in closing the performance gap between EVs and traditional internal combus-
tion engine (ICE) vehicles is the emergence of DC fast and ultra-fast charging
technologies. These advanced charging systems have significantly improved the
practicality of EVs, allowing for quicker refueling times and extended travel
ranges, thereby addressing one of the major barriers to widespread adoption.
Beyond simply recharging the battery, modern charging stations also provide
additional grid services such as reactive power support, peak load reduction,
load balancing, and even integration with renewable energy resources, trans-
forming EVs into dynamic elements of the broader energy ecosystem [20].

Central to the effectiveness of these charging systems is the continued ad-
vancement of battery technology. The battery is not only the most expensive
component of an EV but also the heaviest, meaning improvements in battery
energy density and cost have a direct impact on overall vehicle performance
and market competitiveness [21], [22]. As battery capacities have increased, so
too has the demand for high-power charging systems capable of replenishing
energy quickly and efficiently. Early generations of EVs were limited in both
range and charging speed, but today’s models are designed with significantly
larger battery packs, requiring the support of high-performance charging in-
frastructure that can keep pace with user expectations and transportation
needs [23].

To meet these evolving requirements, modern EV chargers must be de-
signed with a number of critical performance attributes in mind. High effi-
ciency is essential to reduce energy loss and thermal management requirements.

A high power factor and low total harmonic distortion (THD) are necessary
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Table 1.1: Charging station classification based on power level.

Type Location Input Power Level Charging Time
Level-1 (AC) On-board 120/230V,. 1.44-1.92kW 11-36 hours
Level-2 (AC)  On-board 208/240V,.  3.1-19.2kW 2-6 hours
Level-3 (DC) Off-board  300-600V/, 50-350kW <30 min.

Next Gen. (DC) Off-board 800V, Up to 400kW ~10 min.

to ensure compatibility with grid standards and minimize negative impacts on
the electrical supply network. For instance, widely adopted standards such
as IEEE 1547-2018 [24] and SAE J2894-1 [25] mandate that the THD of the
input current must remain below 5%, and the charger must draw current from
the grid at a near-unity power factor. Furthermore, these systems should be
compact, lightweight, cost-effective, and reliable, making them suitable for a
wide range of applications in both residential and commercial environments.

Broadly, EV chargers can be categorized into two main types: on-board
and off-board. OBCs are integrated into the vehicle and allow users to connect
directly to the grid using standard AC outlets. These chargers are ideal for
home use or locations where low-to-moderate charging speeds are acceptable.
Off-board chargers, on the other hand, are standalone external units, typically
found in public or commercial locations, that can deliver significantly higher
power levels, enabling fast or even ultra-fast charging capabilities.

Charging systems are also often classified by power level, which directly
affects charging time, infrastructure requirements, and user experience. Table
1.1 summarizes the typical specifications for each category of charger based on
location, input voltage, power delivery, and expected charging duration [22].

As shown in Table 1.1, Level-1 and Level-2 chargers are typically associated
with on-board systems. Level-1 charging represents the most basic and widely
accessible form, suitable for overnight use in residential settings. However,
its slow charging speed, often requiring over a full day for a complete charge,
limits its practicality for users with longer daily driving requirements. Level-
2 chargers, by contrast, offer a significant improvement in power delivery,

making them well-suited for home garages, workplaces, and public parking



areas. These systems can fully recharge most EVs within a few hours and
are compatible with standard connector types, such as SAE J1772 in North
America and IEC 62196 Type 2 in Europe [26]-[28].

Despite the utility of Level-1 and Level-2 chargers for routine charging
needs, their limited power output is insufficient to support the rapid energy
replenishment needed for long-distance travel or high-demand commercial ap-
plications. This has led to the development and widespread deployment of
Level-3 DC fast chargers. These off-board systems are capable of delivering
power in the range of 50-350kW, drastically reducing charging times to under
30 minutes in most cases. In addition to speed, off-board chargers reduce the
size and thermal burden on the vehicle itself, since the bulky and heavy com-
ponents required for fast conversion and power handling are housed externally.

Pushing the envelope further, next-generation ultra-fast chargers operating
at 800V and above are already entering the market. These systems can de-
liver up to 400kW of power, potentially recharging compatible EVs in approxi-
mately 10 minutes. This level of performance is a crucial step toward matching
or even exceeding the refueling speed of conventional gasoline vehicles, making
EVs far more appealing for time-sensitive users and fleet operators.

In conclusion, the charging infrastructure supporting EV is becoming in-
creasingly diverse, both in terms of technological capability and application
scenarios. OBCs offer flexibility and independence, while off-board systems
bring speed and power for demanding situations. As battery technology con-
tinues to improve and standards evolve, the synergy between vehicle hardware,
charging systems, and the power grid will play a vital role in shaping the future

of electric mobility.

1.2.1 Off-Board Battery Chargers

Off-board battery chargers play a vital role in the broader EV charging ecosys-
tem, particularly when it comes to delivering high power for fast and ultra-
fast charging applications. Unlike OBCs that are physically integrated into
the vehicle, off-board chargers are located externally and typically installed

in public spaces, commercial areas, or highway charging stations. This exter-
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nal placement allows these systems to overcome the size, weight, and thermal
limitations imposed on vehicle-mounted hardware, enabling the delivery of
significantly higher power levels. An example of a typical off-board charging

configuration is illustrated in Fig. 1.4.
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Figure 1.4: Power connections and off-board charging system for HV battery
system in EV.

One of the most compelling advantages of off-board chargers is their ability
to drastically reduce charging time. These systems are capable of delivering
power in the range of 50 kW to over 350 kW, making it possible to recharge
most EVs in under 30 minutes. This capability is particularly beneficial in sce-
narios where time is critical, such as during long road trips, in ride-sharing and
taxi fleets, or at high-traffic urban charging hubs. By enabling rapid energy
replenishment, off-board chargers significantly reduce one of the most com-
mon concerns associated with EV ownership: range anxiety. The availability
of fast charging infrastructure gives drivers confidence in their ability to travel
longer distances without extensive downtime, making EVs a more practical
alternative to ICE vehicles [29].

Off-board chargers also support the deployment of high-voltage battery
systems, which are becoming increasingly common in next-generation EVs.

Vehicles with 800V architectures, for example, require charging systems ca-
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pable of handling higher voltages and currents safely and efficiently. Because
these components are housed outside the vehicle, engineers have more design
freedom to implement advanced cooling systems, larger magnetic components,
and robust control algorithms, without compromising vehicle packaging or
weight distribution. As a result, off-board chargers can offer superior thermal
performance and higher reliability, particularly under heavy-duty usage.

Strategically placing off-board chargers in public spaces, such as shopping
centers, office complexes, and transportation corridors, greatly enhances acces-
sibility and convenience for EV users. This widespread availability also plays
a critical role in encouraging EV adoption, particularly among users who do
not have access to home charging infrastructure. In densely populated cities
where parking is limited or in apartment complexes without dedicated electri-
cal systems, off-board chargers provide a much-needed solution to the logistical
challenges of EV ownership. Moreover, many of these public charging stations
are equipped with digital interfaces that offer user-friendly features like smart
payment systems, real-time availability updates, and V2G communication pro-
tocols [22].

Despite their advantages, off-board chargers are not necessarily the ideal so-
lution for every EV owner. For users with predictable driving patterns and the
ability to charge at home overnight, the convenience and cost-effectiveness of
on-board Level-1 or Level-2 chargers may be more suitable. Off-board chargers
often require significant infrastructure investments and can be more expensive
to use, especially when operated by third-party charging networks. Addition-
ally, because these systems are exposed to outdoor environments and used by
a wide range of vehicles, they must meet stringent reliability, safety, and in-
teroperability standards. Factors that can add to their design and deployment
complexity.

In summary, off-board battery chargers are an indispensable component
of modern EV infrastructure. Their ability to deliver high power over short
periods makes them ideal for fast charging in public and commercial settings.
As EV adoption continues to grow and user expectations shift toward faster

and more flexible charging options, the role of off-board systems will become
10



increasingly prominent. Coupled with smart grid capabilities and renewable
energy integration, these chargers will not only serve the immediate needs
of EV users but also contribute to the development of a more resilient and

sustainable energy landscape.

1.2.2 On-Board Battery Chargers

OBCs are a central component in EV powertrain systems, designed to provide
the convenience of charging from virtually any standard electrical outlet or AC
charging station. As these chargers are physically integrated into the vehicle,
they travel with it wherever it goes, enabling flexibility and ease of use. This
built-in functionality allows EV owners to recharge their vehicles at home,
at work, or in public locations without requiring specialized infrastructure
beyond a basic AC power supply. For everyday use, especially for users with
predictable daily driving routines and access to overnight charging, OBCs offer
a practical, cost-effective, and user-friendly solution [30].

While OBCs generally operate at lower power levels compared to their off-
board counterparts, they are more than adequate for typical daily charging
needs. Depending on the vehicle and regional power grid, most OBCs offer
between 3.3 kW and 22 kW of charging capacity, which can fully recharge
a battery over the course of several hours. This aligns well with overnight
charging at home or long parking durations at the workplace. In fact, many EV
users rarely require fast charging for daily commutes, and therefore prioritize
reliability and affordability over speed. As such, OBCs remain the default
choice for most EV models and continue to be refined for higher power density,
improved efficiency, and greater compatibility with emerging battery systems
[22], [30].

A typical OBC power interface consists of two main stages: an AC/DC
conversion stage for Power Factor Correction (PFC), and a DC/DC isolated
conversion stage for regulating output to the battery pack. This configura-
tion, shown in Fig. 1.5, is designed to operate across a wide range of AC
input voltages and frequencies, delivering high-voltage DC output suitable for

modern EV battery systems [31]. The need for high voltage gain, compact
11



size, and thermal efficiency in this dual-stage design poses unique challenges
for circuit design, magnetic component optimization, and control algorithm

implementation.
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Figure 1.5: Power connections and on-board charging system for HV battery
system in EV.

In the context of single-phase AC charging, common in residential appli-
cations, the choice between single-stage and two-stage converter architectures
becomes particularly relevant. Single-stage converters aim to simplify the sys-
tem by combining PFC and DC regulation into a single power stage. This
approach can offer benefits in terms of compactness and cost, but it introduces
design complexity in meeting strict grid compliance standards, especially in
maintaining low THD and high input power factor. Two-stage topologies,
while slightly larger and more complex, offer better modularity and perfor-
mance, enabling independent optimization of the AC/DC and DC/DC stages.
These systems are generally better suited for high-power OBCs or where grid
standards like IEEE Std 1547-2018 or SAE J2894-1 must be rigorously met
[24], [25].

Regardless of the architecture, modern OBCs must produce a high-quality
sinusoidal input current with very low harmonic distortion, typically less than
5% THD, and maintain a near-unity power factor to minimize stress on the
electrical grid. These performance metrics not only ensure compliance with

international standards but also improve energy efficiency and reduce interfer-
12



ence with other grid-connected devices. Output voltage ripple is another key
consideration, with typical design targets keeping this below 5% to protect
battery health and support stable operation.

Given these demanding requirements, the selection of suitable power con-
verter topologies and control strategies becomes critical. Traditional front-end
PFC converters, such as diode bridge rectifiers followed by boost converters,
are well-understood but suffer from relatively high losses, particularly at low
input voltage conditions. These configurations often require multiple sensors
and Phase-Locked Loop (PLL) systems for grid synchronization, adding com-
plexity and cost [32], [33]. To address these limitations, recent developments
have explored bridgeless topologies that eliminate the diode bridge, reducing
conduction losses and improving overall efficiency.

As EV batteries grow in capacity and voltage, and as user expectations shift
toward faster and more efficient charging even at home, OBC design must
continue to evolve. Engineers are now developing high-frequency switching
techniques, soft-switching resonant topologies, and digital control methods
to further enhance performance and minimize system size. In some cases,
bidirectional OBCs are being introduced to support emerging applications
such as V2G and V2H, which require the charger to reverse power flow and
operate safely in both directions [34], [35].

In conclusion, OBCs remain a cornerstone of the EV charging landscape,
offering everyday utility, flexibility, and portability. While they are inherently
limited in maximum power delivery compared to off-board chargers, their de-
sign sophistication, reliability, and seamless user experience make them in-
dispensable for the majority of EV users. The ongoing evolution of AC/DC
converter technologies, topologies, and control strategies will be key to enhanc-
ing the performance and versatility of OBCs in the years to come. The next
sections will examine these converter designs in more depth, focusing on both
unidirectional and bidirectional topologies, along with the control methods

necessary for stable and efficient operation.
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1.3 AC/DC Power Converters for EV Charg-
ing

AC/DC power converters constitute a fundamental component of the EV
charging infrastructure, acting as the critical interface between the utility grid
and the EV’s onboard energy storage system. Their principal role is to convert
the AC supplied by the grid into DC suitable for charging the high-voltage bat-
tery within the vehicle. This energy conversion must be performed with high
efficiency, power quality, and reliability to meet the performance demands of
modern EVs and to support large-scale grid integration.

The topology and control strategy of the AC/DC converter vary depending
on the specific charging architecture. In conventional charging stations, unidi-
rectional converters are typically employed, where power flows solely from the
grid to the vehicle. These systems are simpler and more cost-effective but limit
functionalities such as grid support or V2G applications. In contrast, bidirec-
tional AC/DC converters enable power flow in both directions, allowing the
EV to not only receive energy from the grid but also to return stored energy
back to it. This bidirectional capability supports advanced energy manage-
ment features such as peak shaving, frequency regulation, and the integration
of renewable energy sources, contributing to the development of smart grid
ecosystems.

Therefore, the design of AC/DC converters is pivotal not only for efficient
and safe battery charging but also for enabling future-oriented functionali-
ties that enhance grid flexibility and resilience in an increasingly electrified
transportation landscape.

Unidirectional converters facilitate one-way power flow from the grid to
the EV, making them suitable for conventional charging systems. In contrast,
bidirectional converters support energy flow in both directions, enabling ad-
vanced functionalities such as V2G and V2H. These capabilities are vital for
future smart grid integration, allowing EVs to act as distributed energy storage
units.

This section explores the two primary categories of single-phase AC/DC
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converters used in EV charging: unidirectional and bidirectional. Each subsec-
tion delves into their respective topologies, operational principles, advantages,

and challenges in the context of modern EV charging requirements.

1.3.1 Single-Phase Unidirectional Converters

Single-phase unidirectional AC/DC converters are among the most fundamen-
tal components in modern power electronic systems. Their primary role is to
convert sinusoidal AC from a single-phase source into regulated DC suitable
for a wide range of downstream applications, including battery charging, in-
dustrial drives, uninterruptible power supplies (UPS), and renewable energy
interfaces [36], [37]. Although often associated with EV charging systems, their
applicability extends well beyond that domain. The focus of this section is to
analyze the key topologies, operational principles, and performance trade-offs
involved in the design of single-phase uni-directional converters, with partic-
ular attention to power factor correction, efficiency, harmonic reduction, and

control complexity.

Power Factor Correction

A critical requirement in single-phase AC/DC converter design is maintaining
high power quality at the interface with the electrical grid. This is typically
achieved through PFC, which ensures that the input current is sinusoidal and
in phase with the voltage. Poor power factor and high THD can lead to
increased losses in the transmission system, over-dimensioned infrastructure,
and regulatory non-compliance [38].

PFC techniques can be categorized into passive and active methods. Pas-
sive PFC uses fixed inductive and capacitive components to filter harmonics,
offering simplicity and ruggedness at the cost of increased size, weight, and lim-
ited dynamic response [39]. Active PFC, in contrast, employs high-frequency
switching and feedback control to dynamically shape the input current wave-
form. This method achieves superior power quality, higher efficiency, and
better performance under varying load conditions but introduces complexity

in both control and hardware design [40]. Illustrations of these two categories
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are shown in Fig. 1.6.

PFC
Control
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Figure 1.6: Types of PFC: (a) Passive PFC, (b) Active PFC using a boost
converter.

Diode Bridge with Two-Level Boost Converter

One of the most common topologies for single-phase AC/DC conversion is the
combination of a full-bridge diode rectifier and a two-level boost converter.
The diode bridge performs the initial rectification, producing a pulsating DC
voltage, while the boost stage regulates the output to a desired level and
incorporates active PFC through controlled switching. Fig. 1.7 illustrates the
configuration.

This topology is relatively simple and cost-effective and can achieve high

efficiency under nominal operating conditions. The boost converter ensures
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Figure 1.7: Diode Rectifier with Two-Level Boost Converter.

low input current distortion and unity power factor by shaping the current
through modulation techniques such as average current mode control. How-
ever, the diode bridge introduces conduction losses due to forward voltage
drops and contributes to harmonic distortion. Moreover, the two-level boost
stage places high voltage stress on switches and requires large passive compo-

nents, especially under low-line conditions [41], [42].

Diode Bridge with Three-Level Boost Converter

To improve upon the limitations of two-level converters, three-level boost con-
verters are employed. As shown in Fig. 1.8, this topology adds an intermedi-
ate voltage node and additional switching devices to divide the voltage stress

aCross components.
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Figure 1.8: Diode Rectifier with Three-Level Boost Converter.
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The three-level design reduces the voltage stress on each switch and al-
lows the use of devices with lower voltage ratings, which typically exhibit
lower conduction and switching losses. It also improves output voltage qual-
ity and reduces electromagnetic interference (EMI) due to smoother voltage
transitions. However, these benefits come at the cost of increased circuit com-
plexity, more sophisticated gate driver requirements, and the need for precise

voltage balancing and timing control [43], [44].

Isolated Resonant Converters

Isolated resonant converters introduce galvanic isolation between the input
and output stages and utilize soft-switching principles to minimize switching
losses. Fig. 1.9 illustrates a typical implementation with a full-bridge rectifier

followed by a resonant DC/DC stage.
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Figure 1.9: Full-bridge rectifier with isolated resonant circuit.

Resonant topologies such as LLC or CLLC enable zero-voltage or zero-
current switching, which significantly improves efficiency at high frequencies
and reduces the size of magnetic and filter components. Additionally, the isola-
tion helps meet safety standards and supports bidirectional extension in more
advanced applications. However, resonant converters require careful tuning
and can be sensitive to parameter variation and load changes, making their
control more complex than conventional pulse-width modulated converters

[45], [46].
Bridge-less Topologies

Bridge-less PFC converters aim to improve efficiency by eliminating the front-

end diode bridge and reducing the number of conduction paths. Fig. 1.10
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shows a basic implementation where active switches handle the full rectification

and boost operation.
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Figure 1.10: AC/DC converter with bridge-less topology.

These topologies reduce conduction losses and heat generation, allowing
for improved thermal management and higher power density. However, the
elimination of passive diodes introduces control challenges. Current paths are
more complex, and timing must be precisely managed to prevent shoot-through
and discontinuities in current flow. Furthermore, these converters are more

sensitive to parasitic elements in layout and require careful electromagnetic

compatibility (EMC) design [47], [48].
Totem-Pole PFC Converter

An evolution of the bridge-less topology is the totem-pole PFC converter,
which uses synchronous switches to perform rectification and boost operations
in a highly efficient and compact form. A simplified configuration is shown in

Fig. 1.11.
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Figure 1.11: AC/DC converter based on totem-pole bridge-less topology.

Totem-pole converters are particularly well suited to wide-bandgap devices

such as GaN and SiC MOSFETSs, which support high-speed switching with low
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losses. These converters can operate in continuous conduction mode (CCM) or
critical conduction mode (CRM), achieving very high efficiency and near-unity
power factor across a wide load range [49], [50]. Despite their performance, the
fast switching and strict timing requirements demand sophisticated controllers,

precise dead-time management, and highly optimized PCB layouts [51].
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Figure 1.12: A diode-clamp five-level AC/DC converter.

Multi-level converters offer another approach for improving efficiency and
power quality by generating stepped output voltages that approximate a sine
wave. Fig. 1.12 illustrates a diode-clamped five-level converter as one repre-
sentative topology.

By dividing the voltage across multiple switching stages, multi-level con-
verters reduce voltage stress, switching losses, and filter requirements. They

are particularly attractive in high-power, high-voltage systems where grid com-
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patibility and waveform fidelity are critical [52], [53]. However, they involve
a large number of components and require advanced modulation techniques,
such as space vector modulation or phase-shifted pulse-width modulation, in-

creasing the control burden and cost.

1.3.2 Recent Unidirectional AC/DC Converter Topolo-
gies

Beyond the foundational converter architectures introduced in the preceding
sections, including two-level and three-level boost converters, isolated resonant
stages, bridgeless configurations, and totem-pole topologies, recent research
has focused on enhancing performance, reducing component count, and im-
proving compatibility with evolving EV charging standards. These investiga-
tions build upon conventional designs but aim to address persistent limitations
such as high conduction losses, poor soft-switching, bulky passive components,
and challenges in high-voltage scalability.

In the context of single-phase OBCs, AC/DC conversion is generally re-
alized using either two-stage [54], [55] or single-stage architectures [56], [57].
Regardless of the approach, adherence to standards such as IEEE 1547-2018
[24] and SAE J2894-1 [25] necessitates a high-quality sinusoidal input current
with high power factor and minimal harmonic distortion.

Boost-type PFC converters are widely used as front-end stages in EV charg-
ers due to their straightforward structure and effective current shaping capabil-
ity. Traditional implementations often include a diode bridge rectifier followed
by a boost converter; however, this structure introduces high conduction losses,
particularly at low line conditions, where the diode bridge alone can account
for 30-50% of total losses [31]. Furthermore, these converters typically operate
in Continuous Conduction Mode (CCM), which necessitates a Phase-Locked
Loop (PLL) for proper control [32], [33].

To address these limitations, various bridgeless topologies have been pro-
posed in the literature. These designs aim to eliminate the diode bridge to re-
duce losses and improve efficiency, while still achieving compliance with power
quality standards. In the isolated DC-DC stage, resonant topologies such as
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LLC and CLLC are commonly employed due to their ability to achieve soft-
switching and high efficiency [58], [59]. Among these, the CLLC topology is
often preferred for its superior voltage regulation and lower output ripple due
to its dual inductor structure.

Several single-stage OBC architectures have also been proposed to reduce
component count and improve power density. For example, [60] introduced a
full-bridge diode rectifier with active clamp and interleaved resonant circuits,
while [34] proposed a PFC OBC without an intermediate DC-link that achieves
soft-switching across the AC line. A bridgeless Cuk-type converter with a
series ripple compensator was presented in [61], though it lacked soft-switching
capability. A resonant single-stage OBC with inherent PFC was discussed in
[57].  While many of these topologies are tailored for 300-400 V4. battery
systems, HV battery applications around 800 V4. demand greater voltage gain
and introduce higher voltage stress across components.

A persistent design challenge in all these systems is the use of large elec-
trolytic capacitors for DC-link and output filtering to suppress low-frequency
voltage ripple. While effective, these capacitors suffer from poor reliability,
short life span, and thermal sensitivity. To reduce capacitance requirements,
advanced ripple reduction techniques have been investigated, including Volt-
age Ripple Reduction Circuits (VRRCs) [62], [63], Synchronous Rectification
(SR) [64], and harmonic injection methods [65]. However, these techniques of-
ten come with trade-offs such as increased complexity, additional conduction
losses, and open-loop control dependence.

The VRRC approach typically introduces extra inductors, HV capacitors,
and semiconductor switches to absorb ripple energy, but adds conduction loss.
SR techniques rely on precise synchronization with the AC line via PLLs and
are often implemented as open-loop controllers, increasing sensitivity and con-
trol difficulty. Harmonic injection strategies deliberately introduce counter-
acting harmonics into the control signal, which requires accurate sensing and
can increase both design complexity and cost.

In summary, although numerous unidirectional AC/DC converter designs

have been proposed for EV OBCs, many still suffer from significant limita-
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tions: high voltage stress on semiconductors, poor soft-switching performance,
reliance on lossy diode bridges, use of bulky electrolytic capacitors, and insuf-
ficient compatibility with HV battery systems. These challenges motivate the
need for a new converter topology that reduces switch stress, eliminates the
bridge rectifier, ensures soft-switching, and operates with minimal capacitance
through an integrated closed-loop ripple reduction strategy, all while delivering

high efficiency and grid-compliant performance.

1.3.3 Single-Phase Bidirectional Converters

Single-phase bidirectional AC/DC converters are essential in modern power
systems that demand controlled energy flow in both directions between AC
and DC domains. Unlike conventional unidirectional converters, these systems
are capable of operating in rectification mode (AC to DC) as well as inversion
mode (DC to AC), enabling dynamic interaction with the grid and local loads.
This bidirectional capability is particularly valuable in applications such as
battery energy storage systems, grid-integrated renewable generation, and un-
interruptible power systems (UPS), where energy must be both consumed and
delivered depending on system requirements. This section examines various
converter architectures, including both two-stage and single-stage configura-
tions, with a focus on their topological structures, functional characteristics,

performance benefits, and inherent trade-offs.

Two-stage Bidirectional Converter Structures

In the two-stage configuration, the first stage typically performs AC/DC con-
version with PFC, while the second stage handles DC/DC conversion. This
approach enables better control, isolation, and adaptability over a wide in-

put/output voltage range.

Bidirectional AC/DC Power Factor Correction

Half-Bridge PWM Converter The half-bridge pulse-width modulation
(PWM) converter offers a simple solution for bidirectional PFC. In rectification

mode, when gate signals are deactivated, the converter utilizes body diodes of
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switches S7 and Sy for passive conduction. For instance, when the AC voltage
is positive, current flows through S;’s body diode and charges capacitor C}.
Conversely, for negative AC voltage, Sy’s diode conducts, charging capacitor
Cs. In inversion mode, active modulation of the switches generates a sinusoidal

output current in phase with the AC voltage.
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Figure 1.13: Half-bridge PWM converter as PFC.

This topology is cost-effective and easy to implement but suffers from
higher input current distortion and greater component stress, necessitating

larger filter components.

Full-Bridge PWM Converter The full-bridge PWM converter consists
of four switches (S; to S;). During passive rectification, the body diodes of
opposing switch pairs conduct, charging the output capacitor. Under active
control, the converter modulates the switches to synchronize input current
with grid voltage, improving the power factor and current waveform.
Although more complex than the half-bridge, this configuration reduces
component stress and harmonic distortion, leading to better performance at

higher power levels.
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Figure 1.14: Full-bridge PWM converter as PFC.

Three-Level PWM Converter The three-level (TL) PWM converter en-
hances performance by synthesizing multiple voltage levels at its output. It
employs additional switches and diodes, enabling intermediate voltage steps
and improving the quality of the AC waveform. In rectification mode, it oper-
ates similarly to the full-bridge but with reduced voltage stress on components.

The TL structure supports reduced filtering requirements and improved
electromagnetic compatibility (EMC), though it increases circuit complexity

and control demands.

Bidirectional DC/DC Converter Topologies

In two-stage converter systems, the bidirectional DC/DC stage is responsible
for regulating voltage between the rectified DC bus and the EV battery. It
ensures proper charging voltage, enhances power quality, and allows controlled
discharging back to the grid or load during V2G or V2H operations. Several

topologies have been developed to meet these goals.

Dual Active Bridge (DAB) The DAB converter comprises two full-bridge
inverters connected via a high-frequency transformer. In forward mode, the
first bridge produces a high-frequency AC waveform, which is transformed and

rectified by the second bridge. The process is reversed in the opposite direction
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Figure 1.15: Three-Level converter as PFC.

for power flow reversal.
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Figure 1.16: Dual active bridge bi-directional converter.
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DABEs allow for galvanic isolation and soft-switching operation, which min-
imizes losses. However, reactive power circulation and limited ZVS range at

low load conditions are challenges in their design.

Three-Level Bidirectional Converter The TL bidirectional converter re-
duces switch voltage stress and improves output voltage ripple characteristics.
The topology uses six switches and can be designed to incorporate active

neutral-point balancing techniques for stable operation.
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Figure 1.17: Three-level bi-directional converter.

It is more complex than traditional two-level converters but offers improved

efficiency and control, especially in medium voltage applications.

Four-Switch String Structure This topology splits the input voltage stress
between switch pairs, reducing the requirement for HV-rated devices. It oper-
ates in half-wave rectification under one polarity and switches current through

a resonant tank during the other half.

L,
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e AC/DC e
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Figure 1.18: Four-switch string structure bi-directional converter.

A drawback is the appearance of high-frequency ripple on the load side,

which may require more elaborate filtering strategies.

Single-Stage Bidirectional Converter Structures

Single-stage bidirectional converters offer a compact solution by integrating

PFC and DC/DC conversion into a unified architecture. While advantageous
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Figure 1.19: Ripple characteristics of the four-switch string converter in recti-
fier mode.

in size and cost, they often require advanced modulation and control schemes

to achieve efficiency comparable to two-stage systems.

DAB-based Matrix Converter This architecture performs direct AC-AC
conversion via high-frequency modulation and uses transformer isolation. It

allows soft-switching and achieves compactness by avoiding the need for a

bulky DC-link.
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Figure 1.20: Bi-directional DAB-based matrix converter.

Despite high power density, the matrix converter demands complex gate
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driving and synchronization control, making it suitable for systems where high

performance justifies the design complexity.

Totem-Pole Bi-directional AC/DC Converter A totem-pole topology
uses active switches to replace the conventional diode bridge, resulting in im-
proved conduction efficiency. Its symmetrical design facilitates bi-directional

operation and enhances performance in continuous conduction mode (CCM).
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Figure 1.21: Totem-pole bi-directional AC/DC converter.

While simpler in control compared to matrix converters, the totem-pole
design must still manage the bi-directional current path and switching transi-

tions carefully to maintain high efficiency and reliability.

1.4 Recent Bidirectional AC/DC Converter Topolo-
gies

In addition to the fundamental bidirectional AC/DC converter topologies dis-
cussed earlier, a growing body of research has explored more advanced archi-
tectures tailored specifically for EV charging applications. While conventional
two-stage and single-stage converters form the basis for bidirectional power
flow, recent literature introduces a range of innovative designs that aim to
improve efficiency, reduce component count, enhance control flexibility, and
support grid-interactive features such as V2G and V2H. These studies address
critical challenges including wide voltage gain requirements, soft-switching
across operating modes, high-frequency isolation, and compliance with grid

power quality standards. This section reviews notable developments in the
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field, highlighting both the evolution of established configurations and the
emergence of novel solutions optimized for bidirectional EV charging infras-
tructure.

Bidirectional OBCs are typically implemented using either single-stage or
two-stage converter topologies. Single-stage designs offer benefits such as
higher power density and reduced component count, but often suffer from
increased output voltage ripple and more complex control due to the tight
coupling of PFC and isolation [57], [66]. In contrast, two-stage designs de-
couple the AC/DC and DC/DC functions, allowing for optimized control and
improved power quality, albeit at the cost of increased size and complexity
[66]. The front-end AC/DC PFC stage is responsible for shaping the input
current and reducing THD, while the isolated DC/DC stage provides galvanic
isolation and voltage regulation. To enhance performance, modern designs fre-
quently employ active PFC configurations such as half-bridge, full-bridge, and
three-level structures [31], [67], [68]. Resonant DC/DC stages, particularly
those using the CLLC topology, are widely favored for their soft-switching
characteristics and high efficiency.

Several bidirectional converter topologies have been explored in recent lit-
erature. For example, a boost-inductor-less, electrolytic-capacitor-less single-
stage converter based on Dual Active Bridge (DAB) was proposed in [69].
A two-stage interleaved bridgeless buck-boost PFC converter was developed
in [70] to improve efficiency and reduce ripple, although it required a com-
plex control system. A Zero-Current Switching (ZCS) current-fed full-bridge
(CFFB) converter was introduced in [71] as a compact high-efficiency solution.

Further designs include a single-stage interleaved totem-pole AC/DC con-
verter with high-frequency isolation and minimal component count [64], and a
DCM-based single-stage converter with active ripple reduction tailored for HV
applications [72]. In [73], an electrolytic capacitor-less bidirectional charger for
V2G/V2H was proposed, improving reliability through ZCS operation. Adap-
tive modulation for improved power density and reliability was discussed in
[74], while [75] proposed a charger with multistep constant current charging to

improve efficiency and flexibility. An isolated wide-output-range bidirectional
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converter was introduced in [76], though it posed challenges in control and
consistency across varying voltage levels.

Despite these advances, several limitations persist. Many existing designs
rely on electrolytic capacitors, which reduce system lifespan and reliability.
Some topologies are optimized for 300-400 V4. systems, making them unsuit-
able for newer HV EV platforms. Other challenges include high voltage stress
on components, hard-switching operation, complicated control strategies, and
large low-frequency output ripple.

These challenges underscore the need for a new bidirectional converter
architecture that supports HV operation, minimizes component stress, elim-
inates electrolytic capacitors, ensures soft-switching in both directions, and
simplifies ripple reduction without added circuitry. Such advancements are
critical for enabling robust, compact, and reliable EV OBC systems with full

grid-interactive functionality.

1.5 Storage Capacitance Reduction in AC/DC
Power Converters

Optimizing storage capacitance in AC/DC power converters is critical in high-
performance, space-constrained applications such as EVs, aerospace systems,
and compact industrial equipment. Traditionally, large electrolytic capacitors
are used to buffer energy, suppress low-frequency voltage ripple, and stabilize
the DC output. However, despite their functional utility, these capacitors
introduce several drawbacks that limit converter reliability, compactness, and
longevity.

Electrolytic capacitors are often the bulkiest components in the system,
constraining the physical design and adding significant weight, an issue espe-
cially problematic in mobile platforms like EVs. They also suffer from poor
thermal performance and short operational lifespans, particularly under ele-
vated temperatures, making them one of the most failure-prone elements in a
converter. Over time, degradation due to electrolyte evaporation leads to in-

creased ESR and reduced capacitance, resulting in worsened ripple suppression
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and greater stress on other components.

From a sustainability perspective, the production and disposal of elec-
trolytic capacitors involve hazardous materials, contributing to electronic waste
and environmental concerns. As a result, there is growing interest in reducing
or eliminating them from converter designs.

Replacing electrolytic capacitors with film capacitors or using advanced rip-
ple reduction techniques, such as active ripple cancellation, harmonic injection,
or interleaved control, can significantly improve thermal stability, reliability,
and system lifetime. Although film capacitors are more expensive, they offer
superior performance in demanding conditions.

Minimizing storage capacitance not only enhances power density and reli-
ability but also supports broader economic and environmental goals. For EV
charging systems, where space, efficiency, and durability are paramount, this
design strategy offers a compelling path toward more resilient and sustainable

power electronics.

1.5.1 Different Types of Capacitors

AC/DC power converters incorporate a diverse range of capacitors, each op-
timized for distinct roles based on their characteristics. Among the most
common are electrolytic, film, and ceramic capacitors, each offering trade-offs

in terms of capacitance density, reliability, and frequency performance.

Electrolytic Capacitors

Electrolytic capacitors are favored for their high capacitance in a relatively
compact form, making them suitable for buffering and smoothing voltage rip-
ples in high-power systems. These capacitors utilize an electrolyte to maximize
energy storage per volume, often positioning them in the input/output stages
of converters.

Despite their advantages, electrolytic capacitors are limited by thermal
sensitivity, aging effects, and drift in capacitance values over time. These

issues necessitate regular maintenance and create challenges in high-reliability
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Figure 1.22: Electrolytic Capacitor [77].

applications. Thus, while they are practical for bulk capacitance, their use in

advanced systems is increasingly scrutinized.

Film Capacitors

Film capacitors utilize thin plastic dielectric films and are recognized for their
long operational life, stability, and robustness. With low ESR and high di-
electric strength, they are well-suited for environments demanding thermal

resilience and low-loss energy delivery.

Figure 1.23: Film Capacitor [78].

Although they offer superior reliability compared to electrolytics, film ca-
pacitors generally require more physical space to deliver equivalent capaci-
tance. This makes them ideal for applications prioritizing endurance over

miniaturization, such as long-lifespan energy systems.
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Ceramic Capacitors

Ceramic capacitors, built from dielectric ceramics, offer compact size and ex-
cellent high-frequency characteristics. They are non-polarized and stable over
wide temperature ranges, making them valuable for noise suppression, bypass-

ing, and filtering.

A

Figure 1.24: Ceramic Capacitor [79].

Their lower capacitance compared to electrolytic types limits them in bulk
energy storage applications, but they are unmatched in surface-mount appli-

cations requiring minimal parasitic effects and long-term stability.

1.5.2 Voltage Ripple Reduction

Minimizing voltage ripple is a critical goal in the design of AC/DC converters,
especially in high-efficiency systems like EVs, where stability and long-term
reliability are paramount. Ripple refers to the unwanted AC component su-
perimposed on the DC output, which can lead to increased stress on circuit
elements, reduced power quality, and potential degradation of downstream
components such as batteries or sensitive electronics.

Traditionally, large electrolytic capacitors have been deployed to attenuate
these ripples. However, these components are bulky, temperature-sensitive,
and prone to aging—traits that limit their effectiveness in compact, long-

lasting power systems. As such, new strategies are being adopted to reduce
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Parameter Electrolytic Film Ceramic
Capacitors Capacitors Capacitors
Lifespan 2,000 to 5,000 10,000 to 100,000 | Often lasts the
(hours at rated hours hours or more lifetime of the
temperature) device
Cost (per unit) | Relatively low; Average; Generally High;
HYV application | $0.10 to $5.00 around $50.00 above $100.00
Capacitance 0.1 pF to up to few Few pF to pF
Range several Farads hundred pF
Voltage Rating Up to 500V or Up to 1000V or Usually below
more more 250V
Temperature Decreases over Good across a Decrease over
Stability time/temperature wide range temperature
Size Larger for high Larger for high Smaller for
values capacity /voltage low values
Tolerance +20% or worse +5% or better +0.1% to +20%
Frequency Poor at high Good at high Excellent at high
Response frequencies frequencies frequencies
ESR Higher; varies Lower; varies Generally very
with type with type low

Table 1.2: Comparative analysis of electrolytic, film, and ceramic capacitors.

reliance on electrolytics by minimizing ripple through alternative circuit tech-
niques. These approaches also enable the use of more robust capacitor tech-
nologies like ceramics or films.

Some of the most widely used methods include voltage ripple reduction
circuits (VRRCs), synchronous rectification, harmonic injection, and advanced
switching strategies. These solutions contribute not only to ripple suppression
but also enable smaller form factors and higher power densities, key enablers

for EV applications and other power-sensitive systems.

Voltage Ripple Reduction Circuits

VRRCs are auxiliary circuits integrated into power converters to suppress
voltage fluctuations at the DC output. These designs often incorporate passive
components, like inductors and capacitors, as well as active elements such as
transistors, arranged in ways that enhance filtering effectiveness.

Figure 1.25 illustrates three popular VRRC topologies: a simple low-pass
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filter (a), a common mode choke-based filter (b), and a capacitance multiplier
circuit (c). Each design achieves ripple reduction through different principles.
The low-pass filter relies on its natural impedance characteristics to block high-
frequency ripple. The common mode choke suppresses noise shared across
lines. Meanwhile, the capacitance multiplier emulates a much larger capaci-
tance at the output by leveraging a transistor and a small capacitor.

In the capacitance multiplier shown in Fig. 1.25.c, transistor S; modulates
the current drawn from the input capacitor C, effectively reducing the ripple
current seen by the output. The apparent capacitance is multiplied by the
current gain factor (/3) of the transistor, offering ripple attenuation comparable

to that of much larger capacitors, without the added bulk.
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Figure 1.25: Popular voltage ripple reduction circuits: (a) low-pass filter, (b)
common mode choke filter, (¢) capacitance multiplier.

Despite their benefits, VRRCs introduce trade-offs. Incorporating addi-
tional filtering elements increases system size and may marginally reduce ef-
ficiency due to passive losses. Furthermore, at higher switching frequencies,
designers must mitigate parasitic inductance and capacitance, which can de-
grade performance or introduce unwanted resonances. Nonetheless, VRRCs
remain a cost-effective and widely accepted solution for improving DC output

quality in converter designs.
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Synchronous Rectification

Synchronous rectification (SR) enhances converter efficiency and reduces volt-
age ripple by replacing traditional diodes with actively controlled switching
devices such as MOSFETSs or IGBTs. While diodes conduct unidirectionally
with a forward voltage drop, synchronous switches exhibit far lower conduction
losses, especially at high currents and low voltages.

In SR, the switching devices are precisely synchronized with the AC input
waveform. During the appropriate conduction interval, a MOSFET is turned
on in place of a diode, significantly reducing forward losses. This also allows
for more continuous and predictable current flow, minimizing ripple in the
resulting DC output.

The benefits of SR are best illustrated in high-frequency applications or
low-output voltage systems, where diode drops account for a larger proportion
of overall power loss. Additionally, SR circuits allow better control over the
timing and shape of the output waveform, yielding smoother voltage profiles
and improving overall power quality.

Figures 1.26 and 1.27 show a sample SR-based topology and corresponding
waveforms. The switching duty cycle is often modulated based on the double-
line frequency ripple, enabling dynamic correction of voltage deviations and

further reduction in ripple amplitude.
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Figure 1.26: AC/DC converter employing synchronous rectification.

However, implementing SR increases circuit complexity. It requires precise
gate timing and may necessitate advanced digital control, especially in systems

with variable load or supply conditions. Still, the reduction in ripple and
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Figure 1.27: Output waveforms from a synchronous rectification converter
synchronized to double-line frequency.

conduction losses makes SR an attractive option in modern high-performance

converter designs.

Harmonic Injection

Harmonic injection is a control-based ripple reduction technique wherein spe-
cific harmonic components are intentionally added to the switching control
signal. These injected harmonics are phase-shifted to oppose and cancel the
dominant harmonics responsible for output ripple. This form of active filter-
ing is particularly effective in converters with low storage capacitance, where
traditional filtering alone may not suffice.

The concept is illustrated in Fig. 1.28, which shows the control block
diagram of a harmonic injection setup. A digital controller analyzes the output
waveform, identifies the harmonic content, especially those near the second
harmonic of the line frequency, and synthesizes an opposing waveform to be
injected into the modulator. This targeted cancellation suppresses voltage
ripple and enhances output stability.

Advantages of this method include the ability to reduce output ripple with-
out increasing component size or cost. It is also suitable for digital imple-
mentation, making it compatible with modern DSP- or microcontroller-based

converter platforms.
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Figure 1.28: Harmonic injection-based control strategy for ripple mitigation

[65).

However, harmonic injection requires accurate real-time analysis and mod-
ulation, which increases control complexity. Poor implementation can intro-
duce unwanted spectral content or interfere with other system components.
Nonetheless, when properly designed, harmonic injection is a powerful tool for

reducing voltage ripple in compact AC/DC converters.

Additional Strategies

Besides dedicated filtering and control techniques, other ripple reduction strate-
gies include:

-Switching Frequency Optimization: Increasing the switching frequency
can decrease ripple amplitude and reduce the size of filter components. How-
ever, it may increase switching losses and EMI, requiring careful trade-off
analysis.

-Advanced Control Methods: Implementing sophisticated modulation tech-
niques like interleaved PWM, variable duty-cycle modulation, or predictive
control can reduce ripple by improving the converter’s dynamic response and
output precision.

-Load Balancing: In multi-phase or multi-level converters, distributing the
load evenly across phases reduces peak current stress, leading to smoother
current profiles and reduced voltage ripple.

These strategies, when used in combination with the techniques discussed
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earlier, contribute to a holistic approach to ripple mitigation. By minimizing
output ripple, designers can reduce storage capacitance requirements, lower
cost, and enhance the size, weight, and efficiency characteristics of the overall

AC/DC converter system.

1.6 Control Principles in AC/DC Power Con-
verters

Control systems are an essential component of AC/DC power converters, en-
suring stable, efficient, and reliable operation across a wide range of applica-
tions. These systems govern how power is processed, regulate output voltage,
shape input current for compliance with grid standards, and manage dynamic
behavior under varying load and line conditions.

In general, AC/DC converters require precise coordination between current
and voltage control loops. Current control which is often implemented to
achieve PFC, aims to ensure that the input current is sinusoidal and in phase
with the grid voltage. Voltage regulation, on the other hand, maintains the
desired output level and adjusts power delivery based on the load or system
requirements.

Depending on the converter architecture and its specific role within a larger
system, different control strategies may be employed. These include peak
current mode control, average current control, hysteresis control, duty ratio
(PWM) control, phase-shift modulation, and variable frequency techniques.
Each has its advantages and trade-offs in terms of complexity, response time,
and efficiency.

In systems that interact with the grid, additional elements such as PLL
are used to synchronize with the grid frequency and phase. Furthermore, in
applications requiring bidirectional power flow or support during grid distur-
bances, grid-following (GFL) and grid-forming (GFM) control strategies are
essential.

The following sections explore key control techniques used in AC/DC power

converters, outlining their operating principles, design considerations, and
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practical implications in real-world systems.

1.6.1 PFC Control

PFC is a fundamental function in AC/DC power converters that are connected
to the grid. Its main purpose is to ensure that the input current waveform
closely follows the shape and phase of the input voltage waveform, thereby
improving the overall power quality and reducing harmonic distortion. An
ideal PFC system shapes the input current to be sinusoidal and in phase with
the grid voltage, mimicking the behavior of a purely resistive load.

Various control strategies are employed to achieve PFC, each with its own
advantages, limitations, and suitability for different converter topologies and
power levels. The most common techniques include peak current control, av-

erage current control, and hysteresis control.

Peak Current Control: In this method, a reference current is generated
by scaling the rectified input voltage and multiplying it by the output of a
voltage error amplifier. The switch turns off when the sensed current plus an
external compensation ramp reaches the reference level. This control method
maintains fixed switching frequency and requires only current sensing at the
switch, but it may suffer from sub-harmonic oscillation at duty cycles above
50%. The general scheme and current waveform for peak current control are

shown in Figures 1.29 and 1.30, respectively.

Average Current Control: This technique improves upon peak current
control by using the average value of the inductor current to track the reference.
The current is sensed, filtered, and then compared with a reference to modulate
the duty cycle via a PWM modulator. This method eliminates the need for
a compensation ramp and offers improved noise immunity. However, it adds
complexity due to the requirement of a current error amplifier. Figures 1.31
and 1.32 illustrate the implementation and current waveform of average current

control.
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Figure 1.29: PFC based on peak current control implemented on boost con-
verter.

Reference

Figure 1.30: Current waveform while implementing peak current control tech-
nique.

Hysteresis Control: In this approach, two sinusoidal reference signals de-
fine the upper and lower bounds for the current waveform. The switch is
turned on when the inductor current drops below the valley reference and
turned off when it exceeds the peak reference. This leads to a variable switch-
ing frequency. While simple and capable of producing low-distortion current

waveforms, hysteresis control is sensitive to noise and requires current sensing
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Figure 1.31: PFC based on average current control implemented on boost
converter.
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Figure 1.32: Current waveform while implementing average current control
technique.

hardware. Figures 1.33 and 1.34 show the schematic and resulting waveforms
for hysteresis control.
Each PFC technique involves trade-offs between complexity, efficiency,

switching noise, and response time. The appropriate method is typically se-
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Figure 1.33: PFC based on hysteresis current control implemented on boost
converter.

Figure 1.34: Current waveform while implementing hysteresis current control
technique.

lected based on the converter’s topology, power level, and specific application

requirements.
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1.6.2 Voltage Regulation

Voltage regulation is a critical function in AC/DC power converters, responsi-
ble for maintaining a stable and controlled output voltage despite fluctuations
in input voltage or load conditions. This ensures proper operation of down-
stream systems and protects sensitive components connected to the converter’s
output. Effective voltage regulation improves efficiency, enhances reliability,
and allows the converter to adapt to varying power demands.

Several modulation techniques are used for voltage regulation, each suited
to different converter topologies and application requirements. Common meth-
ods include duty ratio control, phase shift modulation (PSM), and variable

frequency modulation (VFM).

Duty Ratio Control: In this method, also known as PWM control, the
output voltage is regulated by adjusting the duty cycle of the switching signal.
A typical implementation uses a PI controller to generate a control signal that
is compared with a carrier waveform (such as a ramp) to produce the PWM
signal. This technique is straightforward and widely used due to its ease of
implementation and good dynamic response. However, it can introduce ripple
current, which must be filtered using large capacitors. The PWM waveform

and block diagram are shown in Figures 1.35 and 1.36.

Phase Shift Modulation: PSM is typically used in full-bridge or dual-
active-bridge converters, where the phase difference between gate signals is
varied to control power flow. This technique enables soft switching, which
reduces switching losses and improves efficiency, especially valuable in high-
power systems. Figures 1.37 and 1.38 illustrate the converter structure and

corresponding waveforms for phase-shift modulation.

Variable Frequency Modulation: VFM is often applied in resonant con-
verters, where the switching frequency is varied relative to the circuit’s reso-
nant frequency to regulate output voltage. This approach enables zero-voltage

or zero-current switching, significantly reducing switching losses. The CLL
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Figure 1.36: Block diagram of duty ratio control based on PI controller.

resonant converter, shown in Figure 1.39, serves as an example of such an
application. The gain characteristics and control block for this method are
depicted in Figures 1.40 and 1.41.

Each voltage regulation technique presents trade-offs between complexity,
efficiency, control bandwidth, and hardware requirements. The choice of mod-
ulation method depends on the specific design objectives, including power

level, converter topology, and desired efficiency.
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Figure 1.38: PSM-based waveforms of a phase-shifted full-bridge converter.

1.6.3 Grid-Forming Control

GFM control is a strategy employed in AC/DC power converters that enables

them to operate as voltage sources capable of establishing and regulating the

local grid voltage and frequency. Unlike GFL converters, which synchronize

with an existing grid, GFM converters set their own reference, making them

particularly valuable in islanded systems or weak grid scenarios.
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Figure 1.41: Block diagram of VFM control based on PI controller.

In this control mode, the converter plays a proactive role in shaping the
electrical environment. It is responsible for generating a stable voltage wave-
form with predefined amplitude and frequency, which other converters and
loads can follow. This autonomous behavior allows the converter to maintain
operation even in the absence of a strong external grid reference.

The key characteristic of GFM control is its ability to enhance system re-
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silience and stability, especially during grid disturbances or outages. These
systems are designed with robust control algorithms that dynamically regu-
late output voltage and frequency in response to load variations and system
conditions.

Figure 1.42 illustrates the basic concept of a GFM converter operating as

a voltage source.

Load

vi/ o

Figure 1.42: GFM control.

To implement GFM behavior, detailed modeling of the converter and its
interfacing components is essential. For example, when using an LCL filter be-
tween the converter and the grid or load, the control system must be carefully
designed based on the filter’'s dynamic characteristics. The circuit diagram of
such a system is shown in Figure 1.43, and a corresponding block diagram of
the GFM control strategy is shown in Figure 1.44.

While GFM control offers enhanced grid support, autonomy, and resilience,
it comes with certain challenges. These include increased complexity in control
design, the need for high-performance digital controllers, and careful coordi-
nation in systems where multiple converters operate in GFM mode simultane-
ously. Furthermore, ensuring system stability under dynamic loading condi-
tions requires precise tuning and sometimes communication between multiple
units.

Despite these challenges, GFM converters are gaining prominence in mod-

ern power systems, particularly in scenarios demanding improved grid stability,
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support for renewable integration, and autonomous operation in microgrids or

decentralized energy networks.

1.6.4 Grid-Following Control

GFL control is a widely used strategy in AC/DC power converters that are
connected to a stable grid. In this mode, the converter operates as a current
source, injecting current into the grid while synchronizing its operation with
the voltage and frequency of the existing grid. This synchronization is typically
achieved using a Phase-Locked Loop (PLL), which tracks the grid’s phase and
provides the necessary reference signals for the control system.

GFL converters regulate their output current based on the grid voltage
waveform, ensuring that the injected current is sinusoidal and in phase with the
voltage, thereby supporting power quality and stability. This control method

is essential for systems where the grid is the dominant source of voltage and
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frequency reference, and the converter’s role is to deliver power in a controlled
and responsive manner.
Figure 1.45 shows the conceptual model of a converter operating in GFL

mode, where the converter acts as a controlled current source.
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Figure 1.45: GFL control.

The implementation of GFL control typically involves current control loops
that are designed based on the dynamics of the converter’s output filter. For
converters interfaced with the grid through LCL filters, precise modeling is nec-
essary to achieve stable and accurate current regulation. Figure 1.46 presents
a grid-connected inverter using an LCL filter, and Figure 1.47 shows the cor-
responding control block diagram.

GFL control offers several advantages, including fast dynamic response,
relatively simple implementation, and compatibility with established grid in-
frastructure. It is especially effective when the external grid is strong and
stable, allowing the converter to maintain synchronization and inject power
with high accuracy.

However, this method also presents some limitations. Its performance is
heavily dependent on the availability of a stable external voltage reference.
In the event of a grid disturbance or outage, GFL converters may lose syn-

chronization and cease proper operation. Additionally, these systems are less
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effective in supporting voltage and frequency stability during transients or
weak-grid conditions, where a more autonomous approach such as GFM con-
trol may be necessary.

Despite its limitations, GFL control remains the dominant method in grid-
connected power converter applications due to its simplicity and effectiveness

under nominal operating conditions.

1.7 Recent Grid-Connected Control designs for
Bidirectional AC/DC Converters

While significant progress has been made in converter topologies and hardware-
level optimization, the design of robust controllers for bidirectional AC/DC

converters, particularly in V2G and V2H contexts, remains an open challenge.

52



These applications demand stable performance under a wide range of uncer-
tainties, including grid disturbances, component tolerances, load transients,
and weak or islanded grid conditions. Conventional control strategies often
fail to maintain performance in the face of such dynamic operating scenarios,
highlighting the need for advanced robust control techniques.

Recent studies have proposed various robust control frameworks aimed
at enhancing converter stability and disturbance rejection. Zhao et al. [80]
introduced a GFM control method based on active susceptance injection,
which improves system damping across a wide range of short-circuit ratios.
Chakraborty et al. [81] proposed a generalized p-synthesis-based framework
to manage uncertainties in load and grid dynamics, demonstrating strong ro-
bust stability margins. Huang et al. [82] developed a decentralized H,, control
approach that emphasizes scalability and local robustness in multi-converter
systems. Similarly, Afshari et al. [83] explored low-gain feedback control
techniques effective for islanded microgrids under communication uncertainty,
while Babazadeh et al. [84] applied convex optimization techniques for struc-
tured robust control in multi-DG islanded systems.

Although these strategies show promising results in microgrid and general
inverter contexts, their application to bidirectional OBCs for V2H scenarios
remains limited. Residential environments introduce unique control challenges
such as frequent load transients, nonlinear appliance behavior, and the absence
of large passive filters. Moreover, the use of HV battery systems and space-
constrained embedded controllers imposes additional complexity and design
constraints.

Current gaps in the literature include: 1) Limited controller designs explic-
itly tailored for bidirectional OBCs in V2H mode, 2) Insufficient robustness
against nonlinear and rapidly changing residential loads, 3) Dependence on
high-order or computationally intensive algorithms unsuitable for EV-grade
embedded systems, and 4) Weak performance under ripple and steady-state
voltage variations induced by parameter mismatch or model drift.

These gaps motivate the need for scalable, efficient, and resilient robust

control strategies specifically engineered for automotive V2H applications, bal-
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ancing real-time performance with hardware feasibility.

1.8 Technical Challenges and Possible Solu-
tions

Designing high-performance AC/DC converters for EV charging systems in-
volves navigating several technical challenges, especially as the demand for
higher power, better efficiency, and more compact designs continues to grow.
This section outlines the main issues encountered in developing single-phase
AC/DC converters and introduces the strategies this thesis explores to address

them in later chapters.

1.8.1 Achieving High Efficiency Without Compromis-
ing Simplicity

Single-phase AC/DC converters are widely used in charging applications due

to their simplicity and lower cost. However, many conventional topologies,

such as the full-bridge boost converter, struggle to maintain high efficiency

across a wide load range. These converters also face switching losses at high

frequencies, which can significantly degrade performance.

In this Chapter, several uni-directional converter topologies were examined
in detail. Among them, the bridgeless boost and totem-pole configurations
emerge as promising candidates for improving efficiency while reducing con-
duction losses. By eliminating the input diode bridge and using synchronized
switches instead, these topologies offer a more efficient path for current flow,

especially during low-load conditions.

1.8.2 Managing Large Storage Capacitance Requirements

One of the biggest physical and reliability bottlenecks in single-phase convert-
ers is the requirement for bulky storage capacitors to filter the low-frequency
(120 Hz) ripple. These capacitors are not only large but also often electrolytic,
which can reduce system lifespan due to their limited temperature and aging

tolerance.
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In Chapter 1, this issue is addressed by exploring multiple strategies for
storage capacitance reduction. Both passive and active techniques are dis-

cussed, including:

e The use of film capacitors in conjunction with current ripple compensa-

tion,

e Integration of voltage ripple reduction controller (VRRC) for active rip-

ple reduction.

Hardware results throughout the report demonstrate how the proposed method
significantly reduce voltage ripple while maintaining output voltage regulation,

even under dynamic loading conditions.

1.8.3 Supporting Bidirectional Power Flow and Grid
Services

With the growing interest in V2G applications, enabling bidirectional power
flow is becoming increasingly important. However, incorporating bidirectional-
ity adds complexity in both control and hardware, especially when also aiming
for high power density and low harmonic distortion.

Chapter 3 introduces a stacked-switch bidirectional converter architecture
tailored for EV applications. This design not only supports reverse power flow
but also distributes voltage stress across multiple switches, enabling the use of
lower-voltage-rated devices with better efficiency. The chapter also covers the

associated control strategies for synchronizing PFC and grid interactivity.

1.8.4 Robust GFM Control with Improved Transient
Performance

In Chapter 4, a robust GFM control strategy is developed for operation under
islanded grid conditions. A polytopic state-space model of the grid-side con-
nection is constructed, and an H., controller is synthesized using Linear Ma-
trix Inequalities (LMIs). This approach ensures robust voltage and frequency

regulation in the presence of parameter variations and external disturbances.
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Hardware validation confirms stable GFM operation with low output voltage

distortion and fast dynamic response.

1.8.5 Summary

Across the design of AC/DC converters for EV charging, several persistent
challenges arise: achieving high efficiency, minimizing bulky passive compo-
nents, supporting grid interaction, and managing ripple. The following chap-
ters of this thesis systematically address each of these issues through careful
topology selection, Hardware-backed design, and proposed control enhance-
ments. In doing so, the work aims to contribute practical solutions for more

compact, efficient, and grid-friendly charging systems.

1.9 Research Objectives

This dissertation addresses three key challenges in single-phase AC/DC power
conversion for EV charging systems: reducing storage capacitance, enabling
bidirectional power flow, and achieving robust GFM control.

1. Development of a Unidirectional Bridgeless AC/DC Converter
with Minimal Storage Capacitance: Design a high-performance unidirec-
tional converter that eliminates the diode bridge and reduces voltage stress
through a stacked-switch architecture. The topology operates in Discontinuous
Conduction Mode (DCM) for natural power factor correction and integrates a
CLLC resonant stage for soft-switching. Closed-loop controllers regulate out-
put voltage, suppress low-frequency ripple, and maintain compliance with grid
standards while minimizing reliance on electrolytic capacitors.

2. Design of a Bidirectional Electrolytic-Capacitor-Less AC/DC
Converter for Grid-Interactive EV Applications: Develop a bidirec-
tional converter supporting both G2V and V2G modes using a dual-stacked-
switch structure and resonant CLLC stage. The system enables capacitor-less
operation through active ripple reduction control and dg-frame-based grid syn-
chronization, ensuring high efficiency, fault tolerance, and compatibility with

HV EV batteries.
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3. Implementation of a Robust GFM Control Scheme for V2H
Operation: Implement an H..-based GFM controller using Linear Matrix
Inequalities (LMIs) to ensure robust voltage and frequency regulation under
islanded or uncertain grid conditions. The controller is validated experimen-
tally and tailored for V2H applications, ensuring low harmonic distortion, fast

dynamic response, and reliable standalone performance.

1.10 Dissertation Outline

This dissertation is organized into five chapters, covering the design, control,
and validation of capacitor-less, stacked-switch-based single-phase AC/DC
converters for EV charging applications. The work spans unidirectional and
bidirectional converter development, robust control strategies, and hardware
evaluation.

Chapter 1 — Introduction: Presents the motivation for developing com-
pact and reliable AC/DC converters in EV systems, driven by environmental
goals and the limitations of conventional designs. It outlines key technical
challenges, such as reliance on electrolytic capacitors, and introduces the main
research objectives addressed in this work.

Chapter 2 — Unidirectional Bridgeless AC/DC Converter with
Minimal Storage Capacitance: Introduces a single-stage unidirectional
AC/DC converter for HV EV charging, featuring a bridgeless stacked-switch
architecture. The design operates in DCM for inherent power factor correction
and incorporates a ripple reduction loop to minimize storage capacitance. Ex-
perimental validation confirms high efficiency, soft-switching, and compliance
with grid standards.

Chapter 3 — Bidirectional Capacitor-Less AC/DC Converter for
Grid-Interactive EV Applications: Presents a bidirectional converter with
a dual-stacked-switch half-bridge structure and a CLLC resonant stage. A dq-
frame PFC controller ensures sinusoidal current in both G2V and V2G modes.
A closed-loop ripple reduction strategy enables capacitor-less operation. Hard-

ware results demonstrate effective bidirectional power flow and low harmonic
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distortion.

Chapter 4 — Robust H,, GFM Control under Uncertainty: Devel-
ops an Hs,-based GFM control strategy using LMIs, designed for uncertain
grid and load conditions. The controller ensures voltage/frequency stability,
includes integral action, and is validated through hardware tests under V2H
conditions.

Chapter 5 — Conclusion and Future Work: Summarizes the disser-
tation’s contributions in converter design and control, and suggests future
research directions such as three-phase extensions, renewable integration, and

Al-assisted adaptive control for enhanced grid interaction.

o8



Chapter 2

Unidirectional Bridgeless,

Stacked Switch-Pair-Based
AC/DC Power Converter with
Minimal Storage Capacitance

2.1 Introduction

This chapter presents the development of a novel unidirectional single-phase
AC/DC converter tailored for EV applications. The converter architecture ad-
dresses the key limitations of conventional designs, including reliance on bulky
electrolytic capacitors, lack of soft-switching, high voltage stress on semicon-
ductor devices, and poor conduction efficiency due to diode bridge rectification.

In the first part of this chapter, a new bridgeless, stacked-switch-based
boost-type AC/DC converter topology is introduced. This topology eliminates
the input diode bridge, reduces switch voltage stress by half through a stacked-
switch configuration, and operates in Discontinuous Conduction Mode (DCM)
to inherently shape the input current for high power factor operation.

The second part of this chapter focuses on the closed-loop control system
development, which includes input current shaping, output voltage regulation
using VFM, and low-frequency voltage ripple reduction using a secondary-side
duty ratio modulation strategy. This coordinated control allows the converter
to operate with minimal film or ceramic capacitance while still meeting grid

compliance standards.
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Finally, this chapter concludes with simulation and experimental results
obtained from a 1.1 kW hardware prototype. These results validate the per-
formance of the converter in terms of efficiency, power factor, THD, and voltage

ripple performance under various operating conditions.
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Figure 2.1: Single-stage stacked switches-based bridgeless AC/DC converter.

2.2 Description and Operation of the Converter

Fig 2.1 illustrates the AC/DC converter and the designed control system de-
veloped for HV OBCs in EV systems. The converter consists of a bridgeless
PFC boost rectifier connected to an isolated CLLC resonant circuit through
stacked switches configuration marked as leg A. Moreover, the output of the
isolated CLLC resonant circuit is connected to High-Frequency (HF) half-wave
rectifier. In leg A of the converter, two middle switches Sy and S35 operate to-
gether with the same duty ratio D, while switches S; and S, operate with
a duty ratio of 1 — D,. Moreover, two middle switches S5 and Sg in leg B

operate together with the same duty ratio D, generated from the closed-loop
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oscillation control system. Due to the stacked switches configuration of the
switches in both leg A and leg B, the voltage stress across each switch in leg
A is half of the DC-link voltage and the voltage stress across each switch in
leg B is half of the output voltage, making the converter suitable for HV EV
application. Furthermore, the CLLC resonant circuit module consists of a res-
onant inductor L,., a HF transformer with magnetizing inductance L,,, and two
resonant capacitor C,, and Cj. It is worth mentioning that while leg A’s func-
tionality aligns with recognized practices, leg B’s operation marks a deviation
from traditional methods that generally leverage only leg A for their opera-
tion. Therefore, a comprehensive analysis of leg B’s integration with leg A and
their synchronized operation and the achievement of soft-switching across all
semiconductor devices becomes of paramount importance in the converter.

In leg A of the converter, each switch is shared between the resonant con-
verter stage and the input PFC boost stage. Therefore, each switch current
consists of the resonant current i,., and the PFC current i,. As the result of
the presence of the resonant circuit, all the switches in the converter are able
to achieve soft-switching operation. Key operating waveforms of the AC/DC
converter is illustrated in Fig. 2.2. Since the converter operates symmetrically
during both positive and negative half-cycles, only the positive half-cycle is
addressed in this analysis. Moreover, the switching frequency of leg A and leg
B of the converter has been consider identical as fy,. For steady-state anal-
ysis of the converter, the switching period Ty, is divided into nine operating
modes. The operational stages of the AC/DC converter within the switching
period Ty, is illustrated in Fig. 2.3.

Interval t) <t < t;

During this interval, the gate signals are applied to the switches S; and Sy
in leg A, and the the boost current is discharging through D;. As the result,
the currents ipy + i,.s and i,..s forces the antiparallel diode of S; and S4 to
conduct, respectively. This is why S; current reaches zero sooner than S
current. During this interval, the voltage stress across switches Sy and S is

half of the DC-link voltage Vpeo_jink /2. Moreover, the lagging resonant current
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ires forces the antiparallel diodes of switches S5 and Sg in leg B to conduct.
The current flowing through the switches S, Sy, S5, and Sg in this interval

are shown below:

. V2VDetink Vi
i, = W\/l —cos(2wD,) — L—prTsw
 V2Vpe—iink

\/1 — cos(2rD,) (2.1)

T T

2Vpe- n
lgy = lgy = %\/1 —cos(2mD,)

Interval: t; <t <ty

During this interval, the gate signals are still applied to the switches S} and Sy
in leg A. At this point, the switch S, changes its polarity as the boost current
stops flowing through S; and turns ON with Zero Voltage Switching (ZVS).
Moreover, the gate signals are applied to the switches S5 and Sg in leg B and
since the lagging resonant current is now positive, S5 and Sg turn ON under
ZVS to reduce the ripple by changing the gain of the converter using variable
duty ratio D;.

Interval: t, <t < 3

In this interval, the gate signals are still applied to the switches S; and S5 in
leg A. At t = ty, the boost current becomes zero and the switch S} changes
its polarity and turns ON under ZVS. At this point, the boost current stops
flowing through the switch S; and the S; current is the resonant current.
Moreover, depending on the duty ratio D,, the switches S5 and Sg remain on

for a while and then turn OFF.

Interval: t3 <t <ty

The switches S; and S, are still conducting, while the gate signal of the
switches S5 and Sg are removed. At the same time, the snubber capacitors
Cg, and Cg, start to charge. As the result, the voltages across the switches S

and Sg charge gradually, which results in near Zero Current Switching (ZCS)
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turn OFF for S; and Sg. Moreover, the resonant current flows through the

diodes D3 and D, and charges the output capacitors C,, and C,,.

2Vpe- in
ips, = %\/I —cos(2m(1 — D,))
\/_y inl (2.2)
DC—link
ip, = Tzl \/1—003 2n(1—-D,))

Interval: t, <t < tj

During this interval, the gate signals of the switches S; and S, are removed
and the snubber capacitors Cs, and Cg, start to charge. As the result, the
voltages across the switches S; and Sy charge gradually, which results in near

ZCS turn OFF for S5 and Sg.

Interval: t; <t < tg

During this interval, the gate signals are applied to the switches Sy and Sj,
and the the boost current begins to charge which will result in ZCS turn ON
for D;. At the same time, the currents ipj +i,.s and i,., forces the antiparallel
diode of Sy and S3 to conduct, respectively. Since #,.s > ip1 + ircs, the current
going through the antiparallel diode of S5 is higher than S;. This is why S
current will reach zero sooner than S, current. During this interval, the voltage
stress across switches S; and Sy is half of the DC-link voltage Vpe_jink /2. The
current flowing through the antiparallel diodes of the switches Sy and S5 are

as below:

\/—VDC link

T T ]

. \/_VDC’—link:

y
VEbodink | [ — cos(2m(1 - D)) + LMDstw

Interval: t; <t < t;

At t = tg, the gate signals are still applied to the switches S, and S5, and
the current that were flowing through the antiparallel diode of Sy becomes
zero, resulting in ZVS turn ON for S;. However, since 1, is still positive and

ires < ip,, the antiparallel diode of S5 is still ON.
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Interval: t; <t < tg

At t = t;, the gate signals are still applied to the switches Sy and S3, and the
current that were flowing through the antiparallel diode of S3 becomes zero
too, resulting in ZVS turn ON for S3. Moreover, the negative resonant current
ires start flowing through the antiparallel diodes of the switches S5 and Sg in
leg B.

Interval: ts <t < tg

At t = tg, the gate signals of the switches Sy and S3 are removed and the
snubber capacitors Cg, and Cg, start to charge. As the result, the voltages

across the switches S, and S3 start to rise slowly, which allows a near ZCS

turn OFF for Sy and Ss.

2.3 Converter Analysis

2.3.1 PFC Boost Converter

The bridgeless AC/DC rectifier operates in DCM operational mode. As the
result, the input voltage v;, and input current ¢;, are in-phase with near unity
power factor. The input voltage and current of the converter can be given as

below, where R, is the emulated resistance and wj, is the grid angular frequency.

~ Vin

lin = R, (2.4)

Vin = Vrsin(wyt) (2.5)
2
V-

_ _inrms 2.6

R, = Mo 26)

Since the PFC boost converter operates in DCM operational mode, the average
boost inductor current should be less than the current ripple. Therefore, the

condition for DCM operation of the front-end PCF boost converter is as below:

(D). < 220 27)
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where (iy(t)) 1., is the average current flowing through the PFC boost inductor

(Ly) and (ip(t))1,, is it’s current ripple which are given below:

(it = L] (2.8
Nig(t) = Ol py (2.9)

this is while for the CCM operation of the converter, where the average in-
ductor current is higher than its current ripple, the duty ratio should vary as
below:

[vin(8)]

Dy(t) =1 — —mtl
»() 0.5Vbe—tink

(2.10)

substituting (2.8)-(2.10) into (2.7) leads to the condition for the DCM opera-
tion of the PFC inductor as below:

(1— %Re)

Voo —tink

2fsw

Based on the steady-state equivalent model of the boost converter [85], the

L, < (2.11)

voltage gain of the boost converter during DCM operation is as below:

0.5Vbe—iink D
Gp(t)= ——" =14 P 2.12
o) ok () 212

Considering iinnorm = (4Lbfsw/VDCO—tink)iin(t), the normalized gain of the

boost converter during DCM operation can be shown as below:

0.59Vbe—tink Df,
Gpt)=——— =14 ——
B( ) |Uzn(t)| + Z-in,norm

(2.13)
Fig. 2.4 shows a 3-D diagram that illustrates the relationship between the
normalized gain (G g nerm), duty ratio (D,), and normalized input current of
the PFC boost inductor (i nerm). The white separating surface in Fig 2.4
shows the Boundary Conduction Mode (BCM) of the front-end PFC boost
converter. In BCM, the DCM gain of the converter in (2.13) is equal to CCM
gain of the converter which is 1/(1— D, (¢)). Therefore, the condition for BCM

operation of the front-end PFC boost converter is as below:

binnormGy —Gp+1=10 (2.14)
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From Fig. 2.4, it can be seen that using the duty ratio of D, = 0.5, the
converter remains in DCM operational mode with the widest range of input
current. According to Fig. 2.4, when the sinusoidal input voltage v;,(t) nears
zero (Gp(t) becoming infinite), the converter is more likely to operate in DCM.
Conversely, as v;,(t) reaches its maximum value (Vi) (Gp(t) converging to 1),
the converter is inclined to operate in CCM. This indicates that at the peak of
the input AC voltage, the boost rectifier can operate in CCM. In the scenario
where the bridgeless boost converter is designed to operate in DCM, encoun-
tering CCM at the voltage peak can lead to spikes in current and harmonic
distortion. An instance of this scenario is depicted in Fig. 2.5 [86]. Such con-
ditions might also arise under situations of output overload. Furthermore, it is
important to recognize that while employing DCM in the converter can ensure
PFC, this method introduces challenges, including heightened peak currents
in DCM and the requirement for extra filtering to manage the high-frequency
fluctuating input currents. Nonetheless, the advantages of reduced inductance,
zero-current activation for the switch, and the absence of reverse recovery in
the diode during DCM occasionally make DCM a preferred operation mode
for step-up DC-DC converters [86], [87].

120
100 | (\
80 | ~

GB .norm

1111.1101‘111

Figure 2.4: Conditions for DCM and CCM operation of the front-end PFC
boost rectifier.
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Figure 2.5: Input current example of the DCM PFC converter operating in
CCM at the peak of the input voltage.

2.3.2 Maximum and RMS Switch Currents

During the positive half-cycle of the input voltage v;,, switches S; and S5
are responsible for carrying both the boost inductor current and the resonant
current, while S3 and S; only carry the resonant current. This operational
characteristic can be observed in Fig. 2.3. Specifically, the antiparallel diode
of 51 in the interval [ty < t < t5] and the switch Sy in the interval [t5 < t < tg]
must handle both the boost inductor current and the resonant current. A simi-
lar situation occurs for the antiparallel diode of S4 and the MOSFET S35 during
the negative cycle of the input voltage. This means that the peak currents of
the antiparallel diodes of S; and Sy, and the peak currents of Sy and S3 must
be considered during the design of the bridgeless boost converter. Because of
the converter’s symmetrical operation, ¢s2 maz = %53 .maz aNd 251 min = LS4,min-
As shown in Fig. 2.3, the maximum current going through S, is the sum of
lres,maz AN iy mag-

To perform steady-state analysis of the topology, the following assumptions
are made: (1) all components, including semiconductor switches and diodes,
are ideal, (2) the delay between the switches gating signals is neglected, and (3)

the effect of snubber capacitors is ignored. The Fourier series representation
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of the input voltage to the resonant circuit v,.s is given by (2.15). Due to the
DC blocking function of C,, only the AC components of v,.s are applied to

the resonant circuit, where Vpc_jink is the DC-link voltage.

Ures = VDC—linkDp+

- 5 L 2.15
3 <% \/1 — cos(2hm Dp)sin(2mh fouwt + 9h>> o
s
h=1
in(2rhD,) m
P sin( b _T_ D 2.16
o (2 Y 2 .16

in (2.15) and (2.16), harmonic order is shown by h. Moreover, the relative
angular frequency (w,) is given by (2.17), where wg,, wy, and @ represent

angular switching frequency, angular resonant frequency, and quality factor,

respectively.
wS'LU
.= 2.17
o = 2 (2.17)
1
Wy = (2.18)
L, C,
RG,C
= 2.19

The resonant current i,.; can be calculated from v, in (2.15) as below:

Z.res =
~ [ V2Vpo—iink . (2.20)
hz::l <m \/1 — cos(2hm D,)sin(2mh fo,t + 01)
where Z;;, can be calculated as below:
| Zin| =
" (k+1+4 51— ) — kwd)? + (hQui (1 — 5.5))? (2.21)
“ Q* + (hQu,(k+1— —L5))?
hQuw, (1 = %)
¢Zi,h = tan_l e
k+1+ =+ (1— h21w2) — kuw?
" (2.22)
o, (b +1 - )
= —tan~? -

Q
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where k = L,./L,, is defined as the ratio between secondary-side and magnetiz-
ing inductance, and m = C,/C, is defined as the ratio between secondary-side
and primary-side capacitances. Moreover, R,. is the equivalent resistance seen
by the resonant circuit and considering D = 0, where leg B act like a half-wave

rectifier, R,. can be defined as (2.23) where Ry, is the load.
R.,. = — Ry (223)
T

However, since two middle switches S5 and Sg in leg B are switching at the
same frequency of the switches in leg A (fs,), the equivalent resistance (Rg.)
varies based on the secondary-side duty ratio (Ds) which can later help to
control the gain of the converter. The equivalent resistance (R,.) in this case

can be approximated as below:

8

2

Rac (1—-D,)* Ry (2.24)

As aresult, the peak currents of the switches Sy and S7 based on first harmonic

approximation (h = 1) can be calculated as shown in (2.25).

ng,ma:r: = _Z-Sl,max = Z‘mas,ma:): + Z‘b,maac
V2V ik Vi (2.25)
=————+/1— 2nd) + — D, T,
7o Vi cos(2nd) + I, Dr

Moreover, the peak currents of the switches S5 and Sg based on first harmonic

approximation (h = 1) can be calculated as shown in (2.26).

i55,max - Z.Sa,maa: - ires,ma;r
Voo tin 2.26
_ % T cos@nd) (2.26)

2.3.3 Voltage Gain

The overall voltage gain of the bridgeless single-stage AC/DC converter is
the multiplication of the gains of the front-end PFC boost converter, stacked
switch converter, CLLC resonant circuit, and HF half-wave rectifier. Since
the switching frequency of the converter is much higher than the input volt-

age frequency, the input voltage (v;;,) can be considered constant during each

71



switching period T%,. Therefore, the gain of the PFC boost converter operat-
ing in DCM can be calculated as (2.27).

Vbo—iimk _ 4 +o i 2D2R.
VM Lstw

Based on (2.15), the RMS value of the input voltage to the resonant circuit

(2.27)

(vres) can be calculated as (2.28).

[e.e]

Vs _ 1 Z 1 —cos(2nmD,) (2.98)
Voo—iink ™ — n?

Based on the designed control system shown in section IV, the duty ratio of the
stacked switches in leg A will be slightly changing around D, = 0.5, following
the input voltage frequency (f, = 60Hz). Therefore, considering the average
value of D), = 0.5 to further simplify the voltage gain equation, the RMS value
give in (2.28) can be simplified as shown in (2.29).

UT@S

(2.29)

Voc—tink

Vies @ Lm% 3

.........................

Figure 2.6: Equivalent circuit of the CLLC resonant circuit in the AC/DC
converter.

The equivalent circuit of the CLLC resonant circuit is given in Fig. 2.6. By
ignoring the higher order harmonics, the voltage gain of the CLLC resonant

circuit can be calculated as (2.30).

2
T

2
\/(w2—1)2+é<kw§—%—kwr—l—m+w—wr>
72

Up w
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As the result, total voltage gain of the converter considering an average value

of 0.5 for the duty ratio of the switches in leg A (D,) is given in (2.31).

Overall Gain

2D2 R,
wf [1 +4/14+ ﬁ} (2.31)

2
2\/(%%—1)2—1—&(kwf—“’—r;—kwr—l—m#w—wr)

13.5 —

1T
= rd LN

D%DD

115 |

o
in

=l
i

55

35

Figure 2.7: Overall voltage gain plot of the converter for D, = 0 for m = 10
and k& = 0.8.

The overall voltage gain of converter in the absence of the HF switches in leg

B (i.e. Dy =0) is illustrated in Fig. 2.7 for £ = 10 and m = 0.8 and different

quality factors (@)). On the other hand, in the bridgeless rectifier where the

two switches S5 and Sg in leg B are switching with the same frequency as

the switches in leg A (fs,) and with Dy > 0; R, (see (2.24)), and therefore,

quality factors changes below:

Rac
meO

Q: (1 - Ds)2 = Q(l - l)s)2 (232)
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Figure 2.8: Overall voltage gain plot of the converter for Dy > 0.

As the result, the overall gain of the converter becomes dependant to the duty

ratio of the switches in leg B (D;) as presented in (2.33).

Vo

Vi

2D2R,.
w? {1 +4/1+ m} (2.33)

2\/((,03— 1)2+m (k‘wf—%—k‘wr+m+w—wr>2
Fig. 2.8 demonstrates the overall gain plot of the converter when Dy > 0. It
can be seen that in this way, the overall gain of the converter can be controlled
using D, and independent of leg A, which later will be used in the controller
to help the converter to achieve a reduced output voltage ripple. Details of

the designed controller is explained in Section IV.

2.4 Control System Design

As mentioned in the pervious sections, achieving high-quality sinusoidal input

current, having a reduced output voltage ripple while critically reducing the
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converter’s storage capacitances, and ensuring voltage regulation are crucial
for efficient and reliable operation of EV systems. These factors greatly in-
fluence the performance, longevity, and overall functionality of EV systems.
This section presents the designed control system that will help the converter
achieve the aforementioned objectives.

Moreover, it is worth mentioning that each of these objectives is addressed
through distinct and independently developed control loops within our system.
This approach ensures that the input current shaping, output voltage ripple
control, and voltage regulation are not only individually optimized but also

function cohesively without interference from one another.

Proposed AC/DC Converter

" HFAC/DC/AC HF :

Vi, I—I :;: Inversion with AC/DC =&~ v,
| =] Integrated Conversion |
PGND ; Bridgeless PFC ; \
1 SGND
"‘,: 1 |‘ ) l';\, 3 |” 4 vgssA ng6A
Vin Voctink | | | ]
D, — Pulse Width Modulator - ﬁw
A A
! | D, 1-D,
D Input Current Controller

Vocink —»%I—@—* D,

> Vi Sin(wgt)

PGND

Figure 2.9: Block diagram of the developed input current controller for the
converter.

2.4.1 Input Current Control

As stated throughout the paper, the PFC boost stage in the bridgeless AC/DC
converter operates in DCM operational mode. In this mode, the AC line

voltage and current are in phase and have a near unity power factor. From
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(2.12), the average input current of the PFC boost converter can be calculated
as below:
VDC,lkangsin(wgt)

2L, <—VDif“”’“ — sin(wgt)>

tin (2.34)
The input current shown in (2.34) indicates that the average input current of
the converter will not be purely sinusoidal. However, as it is clear in (2.34),
it is possible to achieve a high-quality sinusoidal input current (i;,) by prop-
erly controlling the primary-side duty ratio D, so that the destructive term
Ve —tink/Vin — sin(wyt) in the denominator of (2.34) be eliminated. To that

end, the primary-side duty ratio (D,) is chosen as (2.35).

D, = \/—VDC_“M — sin(wgt) (2.35)

Vin
In this way, by implementing a closed-loop control system as shown in Fig.
2.9, the denominator term in (2.34) will be canceled-out and the input current
will become purely sinusoidal.

However, in this converter that the bulky DC-link capacitors are replaced
with smaller ones, the DC-link voltage has more fluctuation which results in
higher voltage ripple in the output of the converter. Moreover, since the con-
verter is designed to operate in DCM, CCM operation of the converter at the
peak of the input current can result in current spikes, harmonic distortion,
and hard-switching operation of the switches in leg A. Therefore, as the duty
ratio of the primary-side switches (D,) is set to vary based on (35), it should
be also controlled to counteract the fluctuations in DC-link voltage as a re-
sult of using reduced DC-link capacitances which negatively impact the input
current and prevent the converter from going to CCM operation considering
the conditions described in Section III.A. As the result, for a better duty ratio
control and to further weaken DC-link voltage fluctuation and maintain the
input current quality and DCM operation of the converter, the duty ratio of

the primary-side switches has been considered to be as (2.36).

D, = \/Kc (M - sin(wgt)> (2.36)

Uin
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The parameter K. in (2.36) is tuned properly to lower the DC-link voltage
ripple, increasing input current quality, and maintain the DCM operation of
the converter and to guarantee soft-switching by forcing D, to change in a
pre-defined interval. Using the (D,) defined in (2.36) the input current of
the converter (i;,) can be re-defined as presented in (2.37), which is purely
sinusoidal as the result of using the closed-loop control system. Moreover, it
is clear from (2.36) and (2.37) that the input current is shaped independent
from other control loops.

_ Voo ik KT,

Bin oL, sin(wgt) (2.37)

2.4.2 Output Voltage Regulation

As shown in Fig. 2.10, to provide output voltage regulation for the AC/DC
converter during its operation, Variable Frequency Modulation (VFM) tech-
nique has been utilized. Moreover, the designed VFM-based controller is de-
veloped to be solely responsible for output voltage regulation to avoid a never-
ending frequency variation (which can cause stability issues) due to the high
output voltage ripple of the converter as a result of using small DC-link and
output filter capacitors. To that end, the output voltage of the converter is
first fed to a Low-Pass Filter (LPF) to remove the low-frequency ripples and
then the filtered voltage is compared with a reference value (V, .y = 800Vy,)
to generate the error signal (see Fig. 2.10). In this way, the output voltage
ripple does not affect this control loop, and therefore, the switching frequency
of the converter.

Then the generated error signal is fed to a PI controller to generate the
required control signal which is in this case, is the switching frequency (fsy)-
Moreover, the PI controller gains (/;, and K,,) shown in (2.38) are calculated
based on the fundamental harmonic approximation (FHA) and using Control
System Analysis Toolbox in MATLAB.

It is worth to mention that there exist two subsystems in the overall close-
loop system that have different operating frequencies: 1) the designed bridge-
less AC/DC converter that is working with a very high frequency (fs, ~
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Figure 2.10: Block diagram of the developed VFM-based output voltage reg-
ulation controller for the converter.
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Figure 2.11: Bode diagram of the closed-loop system for the developed VFM-
based controller.

100kHz), 2) the designed VFM-based PI controller which is working with low

frequency. In control systems theory, when there exist subsystems interacting

with each other and are working with different operating frequencies; using

the complete model of the subsystem that is working with high operating fre-
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Figure 2.12: Block diagram of the developed ripple reduction controller for the

converter.
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Figure 2.13: Ripple Reduction Control key waveforms.

quency only complicates the overall model of the closed-loop system and using

an average model of the system is sufficient for designing the low frequency

(PI) controller .

[88]-[89]. Therefore, using FHA model is sufficient to design

the PI controllers for output voltage regulation of the designed converter.
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Bode Diagram, PWM
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Figure 2.14: Bode diagram of the closed-loop system for the developed ripple
reduction controller.

To that end, a PI controller in the form of (2.38) is developed for output
voltage regulation. First, to cancel-out the destructive effect of the PI's pole at
zero, PI’s zero should be considered close to the origin. Therefore, K;,/K,, =
125 x 1075 has been considered. Moreover, considering the output range of
the VEM controller (fs, ~ 100kH z), the proportional gain of the PI controller
is considered as K, = 800. As the result, K;, = 0.1 can be calculated. The
bode diagram of the closed-loop system is illustrated in Fig. 2.11, where phase
margin and gain margin are 31° and 2.8dB, respectively.
K,

Co(s) = Kpo + .

(2.38)

2.4.3 Output Voltage Ripple Reduction

As shown in Fig. 2.12, to reduce the high output voltage ripple of the designed
converter which occurs as a result of using low storage capacitances, a closed-
loop controller based on Pulse Width Modulation (PWM) technique has been
utilized. The designed PWM-based controller is developed to be solely respon-
sible for output voltage ripple reduction using the switches S5 and Sg in leg B
of the designed topology. To design the output voltage ripple reduction con-
troller independent of the designed VFEM controller, it is important to make an
error signal solely as a result of output voltage ripple. To that end, the actual

output of the converter is compared with the LPF fed output of the converter
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as illustrated in Fig. 2.12 and Fig. 2.13. As the result, this loop operates
independently, focusing solely on ripple minimization. Then, the calculated
error signal is fed to a PI controller to generate the required control signal
which in this case, is the duty ratio (D;) of the switches S5 and Sg in leg B of
the converter. Moreover, the PI controller gains (K, and K, ) shown in (2.39)
are calculated based on the fundamental harmonic approximation (FHA) and

using Control System Analysis Toolbox in MATLAB.

K;

Oy(s) = Kpp + (2.39)

Considering the fact that the error signal in this case is the output voltage
ripple (E = Ripple), the control signal (Dy) generated by (2.39) can be defined
in (2.40).

t
Du(t) = K, Ripple(t) + Ko / Ripple(r)dr (2.40)
0
Now combining the time-varing Dy and equivalent resistance (R,.) defined in

(2.24) results in (2.41).

Rac =
8

T2

t 2 (2.41)
(1 - {Keripple(t) + Kir/o Rz’pple(T)dT]) Ry,
As a result, by properly choosing the PI controller gains (K, and Kj,), the
equivalent resistance (R,.), and therefore, the overall gain of the converter can
be controlled to minimize the output voltage ripple enabling the converter to
utilized low storage capacitances.

Similar to the designed VFM controller, there exist two subsystems in the
overall close-loop system with different operating frequencies: 1) the designed
bridgeless AC/DC converter that is working with a very high frequency (fs, =~
100k H z), 2) the designed PWM-based PI controller which is working with low
frequency. Similar to the discussion in VFM controller design, using an average
model of the system is sufficient for designing the low frequency (PI) controller
used for output voltage ripple reduction [88]-[89]. Therefore, using FHA model
is sufficient to design the PI controllers.
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To that end, a PI controller in the form of (2.38) is developed for output
voltage regulation. First, to cancel-out the destructive effect of the PI’s pole at
zero, PI's zero should be considered close to the origin. Therefore, K;,/K,, =
1073 has been considered. Moreover, considering the output range of the
PWDM-based controller, the proportional gain of the PI controller is considered
as K, = 0.01. As the result, K; = 0.00001 can be calculated. The bode
diagram of the closed-loop system is illustrated in Fig. 2.14, where phase

margin and gain margin are 39° and 7.4dB, respectively.

l 30cm |

Isolated
Transformer

Figure 2.15: Picture of the Proof-of-concept Prototype.

2.5 Experimental Validation

To verify the performance of the designed bridgeless AC/DC converter and the
effectiveness of the designed control system, a proof-of-concept hardware proto-
type has been developed and tested in the laboratory using a 1.1kW, 120V, /
800V, 100 — 120k H z SiC-based design. Moreover, PLECS RT Box 1 is used
as the controller unit. Fig. 2.15 shows a picture of the hardware prototype,

while Table I shows the system specification and system parameters.
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Table 2.1: Parameter Values of the Designed Prototype

Figure 2.16: Soft-switching region of the designed converter.
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Parameters Values
Rated Power (P,) 1.1kW
Output Voltage (V5) 800‘/:10
Input AC Voltage (vin) 90 — 135%0,77713
Switching Frequency (fsw) > 100k H =
Input Filter Inductance (L;y,) 550#]’[
Input Filter Capacitance (Cy,) O8,LLF
Boost Inductance (Lp) 20,UH
DC-link Capacitances (C;1, Ci2) 25,uF
Primary Resonant Capacitance (Cp) 0068/LF
Secondary Resonant Capacitance (Cs) 068,MF
Resonant Inductance (L) QGONH
Magnetizing Inductance (L) 27OMH
Output Filter Capacitances (Co1,Co2) 25,LLF
Switches (S1 — Se) IMW65R030M1HXKSA1
Diodes (D — Sy) GP3D005A170B
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2.5.1 Design Procedure

Since the drain-source breakdown voltage of the IMWG65R030M1HXKSA1
switches is 650V and the stress of voltage across switches is half of the DC-
link voltage, The maximum switch voltage is designed to be 500V, making
DC-link voltage Vpe_jink = 1000. According to Fig. 2.16, the bottom limit
for the switching frequency happens around w, = 1.45. Therefore, to design
the converter to operate with the switching frequency f,,, > 100k H z, the base
frequency of the resonant circuit is set to fo = 7T0kHz. The specification and

parameters of the prototype are given in Table I based on the following:

R, = Vit _ 400 (2.42)
° 2P,
(1 TV VM' )Re
Ly < ;}‘ = L, < 30puH = Ly = 20uH (2.43)
V 2
Rignd = —— = 6409 (2.44)
P,
8
Rue = —5 Ripaa = 519.29Q (2.45)
m
Ly = —He  or0um (2.46)
" Qanfy |
Ly = kL, ~ 260uH (2.47)
C, = ~ 0.068H .
P T 1 (2.48)
Cs =mC), ~ 0.68uH (2.49)
fow = 145 x fo ~ 100kH 2 (2.50)

The soft-switching region of the converter, as outlined by the design pro-
cedure, is depicted in Fig. 2.16. The frequency range within which switches
operate under soft-switching conditions is highlighted in light green in Fig.
2.16. Furthermore, the operational point of the converter, with an input volt-
age of 120Vrms, is marked on the converter’s voltage gain curve within Fig.
2.16. Variations in input voltage or load conditions may cause this opera-

tional point to shift either left or right. Such shifts result from alterations in
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the switching frequency, as adjusted by the output voltage controller to main-
tain the voltage at its reference value. Excessive shifting towards the right may
lead to inefficiency due to increased negative current, while shifting too far to
the left, beyond the converter’s operational range, may induce hard-switching
conditions. It is important to note that the designated soft-switching region is
based on a specific operational range considered for the converter, which can
be adjusted to accommodate different operational ranges as required by the
user.

130/ 25040 [ 2604 [ 300v/ [ 10.00ms/ £ 1 amv g B
E B 2 3 H T & -
= -201.500% 456258 || -37.7000A || 1.69875Kv -900.0us Stop B
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Figure 2.17: Input and Output waveforms of the converter at rated power.

2.5.2 Steady-State Experimental Results

The steady-state experimental waveforms obtained from the prototype are
shown in Figs. 3.19-2.24. Fig. 3.19 illustrates input voltage (v;,), input cur-
rent (4;,), output voltage (V,), and output current (1,) waveforms at 120V, ;s
input and 800V, output voltage. As can be seen in Fig. 3.19, the input power
factor is PF = 0.993 and the developed converter achieved efficiency of 95.6 at

around 1.1kW power which was measured by “power analysis tool” from the
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Figure 2.18: Input voltage, input current, and boost inductor current wave-
forms.

KEYSIGHT MSOX6004A oscilloscope.

Moreover, Fig. 2.18 illustrates the boost inductors current (i) of the de-
signed front-end PFC circuit along with input voltage (v;;,) and input current
(in). It can be seen that using the calculated boost inductance at the cho-
sen switching frequency and power level, the PFC circuit operates in DCM as
desired.

The switches S7, Sy, and Sy voltage and current waveforms at line and
switching frequency are shown in Figs. 3.20-2.24. Each switch current in the
designed bridgeless converter has a low-frequency envelope and therefore, the
soft-switching operation of each switch needs to be verified in both positive
and negative line cycles. Due to the similar operation of the switches S; and
Sy, S9 and S3, and S5 and Sg, showing the switching waveforms for Sy, Sy,
and Sg would be sufficient to confirm the soft-switching performance of the
converter.

The voltage and current waveforms of switch S; at line frequency are shown
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Figure 2.19: Voltage over and current flowing through S; at line frequency.
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in Fig. 3.20. Moreover, the soft-switching operation of the switch S; in both
positive and negative line cycles are shown in Fig. 3.20. To further verify the
soft-switching operation of switch S}, voltage and current waveforms of switch
S1 at switching frequency are illustrated in Fig. 3.21. Since the resonant
current is lagging behind the resonant voltage due to the presence of CLLC
resonant converter, switch Sy current first flows through its antiparallel diode.
This is why as shown in Fig. 3.21, S current is negative at the moment that
it turns ON, resulting in ZVS Turn ON for Switch S;. Moreover, due to the
presence of snubber capacitors, voltage across Sy slowly rises from zero proving

ZCS turn OFF for this switch as shown in Fig. 3.21.

200V/ 2004/ ) 10.00ms/ £ 1 467V
B 0 ¢
= 00V 34,7400A | o00s Stop .
k4 Meas E]

S, Vo Itage (Vdsz) Freq(1)

Low signal
+

Figure 2.21: Voltage over and current flowing through Sy at line frequency.

Similarly, the voltage and current waveforms of switch S; at line frequency
are shown in Fig. 2.21. Moreover, the soft-switching operation of the switch
S5 in both positive and negative line cycles are shown in Fig. 2.21. To further
verify the soft-switching operation of switch Sy, voltage and current waveforms
of Sy at switching frequency are illustrated in Fig. 2.22. Similar to the switch
S1, switch Sy current first flows through its antiparallel diode resulting in
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Figure 2.22: Voltage over and current flowing through Sy at switching fre-
quency.

ZVS Turn ON for Switch S as illustrated in Fig. 2.22. Moreover, due to
the presence of snubber capacitors, voltage across Sy slowly rises from zero
proving ZCS turn OFF for this switch as shown in Fig. 2.22.

Similar to the switches S; and Ss, to show the soft-switching operation of
the switch Sg, its voltage and current waveforms at line frequency are shown
in Fig. 2.23. Moreover, the soft-switching operation of the switch Ss in both
positive and negative line cycles are shown in Fig. 2.23. To further verify the
soft-switching operation of switch Sg, voltage and current waveforms of Sy at
switching frequency are illustrated in Fig. 2.24. Similar to the switches Sy
and Sy, switch Sg current first flows through its antiparallel diode resulting in
ZVS Turn ON as illustrated in Fig. 2.24. Moreover, due to the presence of
snubber capacitors, voltage across Sg slowly rises from zero proving ZCS turn

OFF for this switch as shown in Fig. 2.24.
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Figure 2.23: Voltage over and current flowing through Sg at line frequency.
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2.5.3 Dynamic Response Experimental Results

To further validate the performance of the developed closed-loop control sys-
tems, several dynamic responses are captured in case of reference tracking,
input voltage variation and transition between open loop and closed loop con-
trol system. The dynamic responses of the designed converter are shown in
Figs. 2.25-2.27.

To validate the performance of the developed VFM-based controller regard-
ing reference voltage tracking, reference voltage of the converter is changed
from the nominal 800V}, to 750V}, during the normal operation of the con-
verter. Fig. 2.25 illustrates the dynamic performance of the converter to this
reference variation. Input voltage (vy,), input current (i;,), DC-link voltage
(Vbe—tink), and output voltage (V,) of the converter are shown in Fig. 2.25.
It can be seen in Fig. 2.25 that the closed-loop control system was able to
track the new reference voltage with zero steady-state error and fast transient
response.

To further validate that developed control system is able to regulate the
output voltage of the designed converter (V) for different input voltages (vy,),
the input voltage of the converter is changed from 120V,,,s to 135V, and
the dynamic response the converter is illustrated in Fig. 2.26. As can be seen
in Fig. 2.25, the closed-loop control system was able to maintain the 800V,
output of the system despite the change in the input voltage of the converter
with zero steady-state error and fast transient response.

Finally, to show the effectiveness of the designed closed-loop controllers in
terms of ripple reduction, the ripple reduction and VFM-based controller are
turn off and the converter is operated with open-loop controller with a fixed
switching frequency. Then, using a C block in PLECS RT Box1, both feedback
loops are manually activated to see the effect of the closed-loop controllers
in terms of reducing the output voltage ripple and regulating the voltage at
800V4.. The dynamic response of the converter is presented in Fig. 2.27. As
can be seen in Fig. 2.27, the closed-loop control system successfully reduced

the voltage ripple and regulated the output voltage to 800V, with zero steady-
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state error and fast transient response.
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Figure 2.25: Dynamic performance of the system against output voltage ref-
erence change.

2.5.4 Comparison

To show the superiority of the designed topology and the designed closed-
loop controller, the converter was compared with several other state-of-the art
EV OBC topologies with reduced storage units. The result of this compari-
son is summarized in Table 3.2. With similar switching frequency range and
comparable efficiency, the designed converter was able to reduce the voltage
ripple while utilizing the lowest storage capacitances with reduced number of
semi-conductor devices. Moreover, it is worth mentioning that the designed
converter distinguishes itself from existing designs in the literature through a
stacked switch configuration, reducing semi-conductor voltage stress to half,
thereby enabling the use of lower-rated, more cost-effective semiconductors.
This design not only cuts down initial and replacement costs but also makes

the components more accessible. Additionally, it incorporates lower-value DC-
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Figure 2.26: Dynamic performance of the system against input voltage varia-
tion.

link and filter capacitors, effectively reducing the overall material costs with-
out sacrificing performance. The converter also requires fewer semi-conductor
devices compared with most of the designs in the literature, simplifying the
design, reducing hardware costs, and enhancing system reliability due to fewer
potential failure points. Collectively, these strategic component selections po-
sition the converter as a cost-effective solution for high-voltage EV systems,
despite the challenges in direct cost comparison due to variability in voltage
levels.

Fig. 3.35 illustrates the measured efficiency for a range of an input voltages.
It can be observed that the maximum efficiency of 95.3% was achieved at v;, =
120V,.,,,s. Moreover, Fig. 3.36 shows the measured power factor of the converter
for a range of an input voltages. It can be observed that using the closed-loop
duty ratio controller, the quality of the input current remains high for different
input voltages. Moreover, the detailed harmonics ranging from the first to the

nineteenth harmonics captured from the hardware prototype using “Power
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Figure 2.27: Dynamic performance of the system without and with the closed-
loop control systems.

Analysis Tool” from the KEYSIGHT MSOX6004A oscilloscope are presented
in Fig. 2.30 through Fig. 2.32. The Total Harmonic Distortion (THD) value
of 2.23% has been captured and the captured harmonic values are compared
with IEC 6000-3-2 [92], which shows maximum allowable harmonics for class
A battery chargers (with input current < 16A. The results validate that
the developed input current controller successfully conforms to these stringent
standards, despite the minimized DC-link capacitance value.

Furthermore, the designed converter with dimensions of 30 x 139 x 5.2cm3,
achieves a volumetric power density of approximately 0.532W/cm?3. When
considering its weight of 2.32kg, the gravimetric power density is around

474.14W /kg. This performance places our converter within the range observed

95



96 T T

955 95.21% 95-3% g5 220, 1
94.92%

95 &

945+ 94.89% ]

Efficiency [%]
©
~
T

935 b
93| 93.32% 4
925 =
92 | L 1 1 1
80 90 100 110 120 130 140

Input Voltage [V]

Figure 2.28: Efficiency Curve of the designed converter for different input
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Figure 2.29: Power Factor Curve of the designed converter for different input
voltages.

in existing literature, where reported power densities vary from 0.333W/cm?

[55] to 0.8W/cm? [31] for similar devices.

2.6 Chapter Summary

This chapter presented the design, control, and validation of a novel unidirec-
tional bridgeless AC/DC converter tailored for EV on-board charging applica-
tions. The designed topology eliminates the conventional input diode bridge,
thereby reducing conduction losses and improving overall efficiency. By em-
ploying a stacked-switch configuration, the voltage stress across each active
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Figure 2.30: Harmonic distortion captured from the hardware experimental
prototype showing first to seventh harmonics.
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Figure 2.31: Harmonic distortion captured from the hardware experimental
prototype showing seventh to thirteenth harmonics.
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Figure 2.32: Harmonic distortion captured from the hardware experimental
prototype showing thirteenth to nineteenth harmonics.

switch is reduced to half of the output voltage, making the design suitable for
high-voltage battery systems.

To meet stringent grid standards while minimizing storage capacitance, the
converter is designed to operate in DCM, allowing natural shaping of the input
current for high power factor and low THD. A closed-loop control architecture
was developed to regulate the output voltage using VFM, and a secondary-
side duty ratio control was introduced to actively suppress the low-frequency
voltage ripple. This coordinated control strategy enables the use of compact,
high-reliability film capacitors instead of bulky electrolytic types.

The performance of the designed converter and control system was ver-
ified through simulation and experimental testing on a 1.1kW, 120V, to
800 V4. prototype. The results confirmed high efficiency, unity power factor,
effective ripple suppression, and fully soft-switched operation across the entire
line cycle. The success of this design provides a promising solution for com-
pact, efficient, and reliable unidirectional EV chargers, addressing key industry
challenges related to size, reliability, and grid compliance.
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Chapter 3

Bidirectional Half-Bridge/Dual
Stacked-Switches Structured

Electrolytic Capacitor-Less
AC/DC Power Converter

3.1 Introduction

This chapter introduces the development of a novel bidirectional single-phase
AC/DC converter designed to support both charging (G2V) and discharging
(V2G) operations in EV systems. The designed topology addresses the major
limitations of conventional bidirectional converters, such as high voltage stress,
lack of soft-switching, bulky passive components, and limited ripple mitigation
capability.

In the first part of this chapter, a dual stacked-switch half-bridge PFC
structure is presented for the AC-side stage, enabling reduced voltage stress
across the switches. The DC-side employs a bidirectional CLLC resonant stage
to provide galvanic isolation and ensure soft-switching during both AC/DC
and DC/AC operation modes. The overall architecture is optimized for HV
EV battery systems and bidirectional power flow with minimal component
count.

The second part of this chapter focuses on the control system design. A
dg-frame-based closed-loop PFC controller is implemented to ensure sinusoidal

input current, unity power factor, and grid synchronization. Additionally,
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a ripple reduction controller is introduced by dynamically modulating the
secondary-side duty ratio, significantly reducing the low-frequency output volt-
age ripple without requiring large electrolytic capacitors.

In the final section, the designed converter and control strategy are vali-
dated through simulation and experimental testing on a 1 kW laboratory pro-
totype. The results highlight the converter’s ability to operate efficiently and
reliably in both directions of power flow, maintaining high performance under

various grid conditions and load scenarios.
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Figure 3.1: Half-bridge/dual-stacked switched-structured bridgeless bidirec-
tional AC/DC converter.

3.2 Description and Operation of the Converter

Fig. 3.1 illustrates the designed bidirectional AC/DC converter topology de-
veloped as an OBC for HV EV systems. The designed converter consists of
a HB converter as a PFC circuit and dual-stacked-switches configurations in
leg A and B that are connected using a CLLC resonant circuit. In the HB
PFC converter, switches S; and Sy operate with Dy and 1 — D; duty ratios,
respectively. In leg A (leg B) of the designed converter, two middle switches
Sy and S5 (Ss and Sg) operate together with the same duty ratio D, (D),
while switches S5 and Sg (S7 and Syp) operate with a duty ratio of 1 — D,

(1 — D) with a similar switching frequency fs,.
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In AC to DC mode (DC to AC mode), switches S; and Syo (S5 and Sg) are
turned off, and only switches Sg and Sy (S, and S5) operate to minimize the
voltage ripple following the command from the ripple reduction control system.
Due to the stacked switches configuration in both Leg A and Leg B, the voltage
stress across each switch is effectively divided, enhancing the converter’s suit-
ability for HV EV applications. In Leg A, the voltage stress across each switch
is half of the DC-link voltage, as the stacked configuration allows the voltage
to be shared evenly between the switches in the leg. This significantly reduces
the voltage rating requirements for the individual switches while maintaining
overall system performance. Similarly, in Leg B, the voltage stress across each
switch is half of the output voltage. This configuration not only reduces the
stress on individual switches but also ensures reliable operation under high-
voltage output conditions. By reducing the voltage stress, the design enables
the use of lower-voltage-rated switches, which are typically more efficient and
cost-effective. This not only improves the converter’s overall reliability and
efficiency but also makes it particularly well-suited for high-voltage onboard
charging applications, where managing voltage stress is critical to performance
and longevity.

Furthermore, the CLLC resonant circuit module consists of a resonant
inductor L,, an isolated High-Frequency (HF) transformer with magnetizing
inductance L,,, and two resonant capacitors C), and Cj. It is worth mentioning
that while leg A’s (leg B’s) functionality in AC to DC mode (DC to AC
mode) aligns with recognized practices, leg B’s (leg A’s) operation marks a
deviation from traditional methods that generally leverage only leg A (leg B)
for their operation. Therefore, a comprehensive analysis of both legs and their
synchronized operation, along with the achievement of soft-switching across
all semiconductor devices, becomes of paramount importance in the designed
converter.

Key operating waveforms of the designed bidirectional AC/DC converter
are illustrated in Fig. 3.2. Since the converter operates similarly in both
AC to DC and DC to AC modes and symmetrically during both positive and

negative half-cycles, only the positive half-cycle of the converter during its AC
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to DC mode is addressed in this analysis. Moreover, the switching frequency
of leg A and leg B of the converter is considered identical, denoted as fq,,
and the switching frequency of the HB PFC converter is denoted by fr,. Also,
during AC to DC (DC to AC) mode, duty ratio of leg A (B) is assumed to
be fixed at D, = 0.5 (Ds; = 0.5). Moreover, in the analysis of the designed
converter, it is assumed that the primary and secondary resonant currents are
equal, and the magnetizing current is neglected. This assumption is made to
simplify the analysis and focus on the operation of the resonant tank. While
the contribution of the magnetizing current to the overall behavior of the
converter is acknowledged, it is considered negligible for the purposes of this

study. The details of the operation of legs A and B are given below:

Interval t) <t < t;

During this interval, gate signals are applied to switches S5 and Sg in leg A. Due
to the above resonance operation of the CLLC resonant circuit, the resonant
current i,.s causes the antiparallel diodes of S5 and Sg to conduct. The voltage
stress across switches Sy and S5 is half of the DC-link voltage, Vpe_jink/2-
Additionally, the lagging resonant current i,.s forces the antiparallel diodes of

switches Sg and Sy in leg B to conduct.

Interval: t; <t < s

During this interval, gate signals remain applied to switches S3 and Sg in leg
A. At this point, switches S3 and Sg switch polarity and turn ON with Zero
Voltage Switching (ZVS). Additionally, gate signals are applied to switches Sg
and Sy in leg B following the command from ripple reduction control unit.
As the lagging resonant current becomes positive, switches Sy and Sy turn
ON under ZVS to minimize ripple by adjusting the converter’s gain through

a variable duty ratio D;.
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Figure 3.2: Key operating waveforms of the designed bidirectional AC/DC
converter.
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Interval: t, <t < t3

During this interval, switches S3 and Ss in leg A continue to conduct. At
t = t,, following the command from the ripple reduction control unit with
duty ratio Dy, switches Sg and Sy turn OFF with near Zero Current Switching
(ZCS) due to the presence of snubber capacitors Cg, and Cg,. Moreover,
the resonant current flows through the antiparallel diodes of S7 and Sy and

charges the output capacitors C,, and C,,.

Interval: t3 <t <ty

The gate signals for switches S; and Sg are removed. Simultaneously, the
snubber capacitors Cs, and Cg, begin to charge. As a result, the voltages
across switches S3 and Sg increase gradually, leading to a near ZCS turn OFF.
It is also important to mention that the resonant current (i) flows entirely
through the conducting switch (S3 or Sy), while the current through the non-
conducting switch is zero. This complementary operation ensures compliance
with Kirchhoff’s Current Law (KCL), as the resonant current always equals

the current in the active switch.

Interval: t, <t <5

During this interval, gate signals are applied to switches Sy and S5. Simulta-
neously, the resonant current 7,., forces the antiparallel diodes of Sy and S5 to
conduct. During this period, the voltage stress across switches S3 and Sg is

half of the DC-link voltage Vpeo_iink /2.

Interval: t; <t < tg

At t = t5, gate signals remain applied to switches S; and S5. The current
flowing through the antiparallel diodes of S; and S5 drops to zero at t = t5,
resulting in ZVS turn ON.
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Interval: t5 <t <ty

At t = tg, the gate signals of the switches S, and S5 are removed and the
snubber capacitors Cg, and Clg, start to charge. As the result, the voltages

across the switches S, and S5 start to rise slowly, which allows a near ZCS

turn OFF for Sy and Ss.

3.3 Converter Analysis

3.3.1 Half-Bridge PFC Converter

The HB converter in the designed bidirectional AC/DC converter serves as an
active PFC circuit. The diagram presented in Fig 3.5. provides an overview
of its components and connections. Switches S; and S, in the HB converter
operate with duty cycles D; and D; — 1. Their switching ensures the PFC
operation by shaping the input current to follow the input voltage waveform,
using the implemented PLL and the designed controller, achieving a high power
factor. The input voltage (v;,) and input current (i;,) of the designed converter

can be given as below, where w, is the grid angular frequency.

Vin, = Vrsin(wgyt) (3.1)
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i 2~ 3.2
lin — 75— .
i 3.2

The input current (i;,) is controlled to follow the input voltage waveform for

achieving PFC. In (3.2), R, is the emulated resistance which is given below:

in,rms 3.3
P (3.3)

The dq modelling of single-phase grid-connected HB PFC Converter
with LCL filter

To design the controller for the HB PFC converter connected to the grid via
LCL filter (see Fig. 3.5) and for simplifying control and analysis, transforma-
tion of the single phase LCL filter equations into the dg (direct-quadrature)
reference frame is needed (see Fig. 3.6). This transformation is typically used
for three-phase systems, but for a single-phase system, a virtual second phase
that is 90 degrees out of phase with the actual phase is required to apply the
transformation. The general approach for this transformation is as below:

1. Select a rotating frame of reference: This frame of reference rotates at
the grid’s angular frequency (w,), which is 27 times the grid frequency (in Hz).

2. Define the grid voltage and current: The grid voltage (v;,) is typically
the reference and is represented as a purely d-axis quantity because the g¢-
axis component would be zero for a single-phase grid. The grid current (i;,),
however, would have both d-axis and g-axis components depending on its phase
angle relative to v;,.

In the dq frame synchronized with the grid voltage shown in (3.1), vy,

would be represented as:
Vin,d = Vm
(3.4)

Vin,g = 0

For the grid current, assuming a phase shift of ¢ with the grid voltage, if

we have:

bin = Linv sin(wyt + @) (3.5)
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Its d-g components would be:

iin,d - Iin,M COS(¢)
» _ (3.6)
Yin,g = Lin,M sm(qﬁ)

3. Apply the dq transformation to the filter equations: Now, the dg trans-

formation is applied to the original differential equations.

e aN—
HB PFC
Vin Cf\) Cin = V(in Viny

Converter

Figure 3.5: LCL filter connected to the bidirectional HB PFC converter.

a axis a axis
q axis A
\ d axis .\ d axis
Vin
Vin,(
iin,zl
. ot .
» A axis Vin=0 " P-c-ce-- > A axis
"r P axis
(a) (b)

Figure 3.6: Visualization of dq and af reference frame with corresponding
vectors.

The differential equations of the LCL filter in the dgq reference frame be-
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come:

disg ) ‘
Id wng#l) + szﬁd = Vinv,d — UCin,d

aes
G

+ wgifyd) + Rfif,q = Vinv,g — UCin,q

wgiin,q) + Riniin,d = VCin,d — Vin,d
(3.7)

Z?’L,q

Ly
< + wg'l.imd) + Riniin,q = UCin,q

dvcin,a , :
Cin T — WyVCin,g | = 1f,d — Yin,d

dUC'in
,q . .
Oin ( dt + WeUCin,d | = Uf,q — Ying

In these equations, (Viny.d, Vinvg), (Vcind, VCinyg), (Gind, ling), and (ifa,%74)
are the d and ¢ components of the HB PFC converter voltage, LCL filter

capacitor voltage, input current, and filter inductance current, respectively.

HB PFC Converter Soft-Switching Operation

To illustrate the soft-switching condition for the switches S; and Sy in HB
PFC converter, the concept described in [64] was followed. For analysis, the
operation of the switch Sy has been considered as its analysis can be applied
to the switch S; as well. Considering an input power of 1kW, and S turns
ON at t = ty, as shown in Fig. 3.6, three scenarios can be considered based
on the value of the filter inductance (Ly).

1. ZVS turn ON: In Fig. 7(a), for Ly < 190pH, ZVS turn-ON is al-
ways achieved as the filter current ¢; will become negative at the moment the
switch Sy turn ON at ¢ = ty. 2. ZCS turn ON: In Fig. 7(b), with the filter
inductor L; = 190pH, the PFC converter enters its boundary condition and
iy becomes zero at the moment the switch Sy turn ON at ¢ = ¢y, resulting
in Sy turning ON with ZCS. 3. ZVS Failure: In Fig. 7(c), for Ly > 190uH,
the PFC converter inductor current is always positive and therefore, i; never
reaches zero, resulting in hard-switching operation of S;. Utilizing any filter
inductance (L) with values greater than 190pH will result in hard-switching

operation of the switches S; and 95.
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Figure 3.7: Soft-switching condition, (a) ZVS turn ON, (b) ZCS turn ON and,
(¢) hard-switching,.

In summary, the ZVS condition of the switches in the HB PFC converter
is influenced by the value of L;. Using a very small filter inductors increases
the ZVS range but also raises the circulating current. Therefore, L; must be

designed to balance switching and conduction losses.

3.3.2 Ripple Reduction Method

In the designed bidirectional AC/DC converter, the bulky and unreliable
electrolytic-type DC-link and output filter capacitors are replaced with small
and reliable film capacitors. As a result, higher voltage ripple is expected at
the output of the converter, which can be harmful to the EV’s battery. To

mitigate this, as shown in Fig. 3.8, two switches (Sg and Sy in AC to DC
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Figure 3.8: Active rectification for both modes of the designed bidirectional
converter. (a) Converter’s operation in AC to DC mode, (b) Converter’s op-
eration in DC to AC mode.

mode and Sy and S5 in DC to AC mode) in the rectifying stage of the DC/DC
stage of the bidirectional converter are actively switched to cancel out the
ripple by controlling the voltage gain of the converter. To show how control-
ling the duty ratio of these switches affect the voltage gain of the converter,
steady-state analysis of the converter is necessary.

To analyze the steady-state performance of the designed topology, the fol-
lowing assumptions are made: (1) all components, including semiconductor
switches and diodes, are considered ideal, (2) the delay between the gating
signals of the switches is ignored, and (3) the effect of snubber capacitors is

disregarded. The Fourier series representation of the input voltage to the res-
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onant circuit, vy, is given by (3.8). Due to the DC blocking function of C,,
only the AC components of v,.; are applied to the resonant circuit, where
Vb _tink 1s the DC-link voltage.

Ures = VDC—li'rLk Dp+

o0

Z <% \/1 — cos(2hm Dy ) sin(2mh fowt + 9h>> v

h=1

0, = tan™ (1 i@ggﬁ%p» - % — 7D, (3.9)
in (3.8) and (3.9), the harmonic order is denoted by h. Additionally, the
relative angular frequency w, is defined by (3.10), where wg,, wy, and @ repre-
sent the angular switching frequency, the angular resonant frequency, and the

quality factor, respectively.
wS'UJ

= 3.10
= (3.10)
1
wo = (3.11)
LmC,
RG,C
_ 3.12

The resonant current i,.; can be calculated from v, in (3.8) as below:

Z.res =
~ [ V2Vpo—iink . (3.13)
hz::l <m \/1 — cos(2hm D,)sin(2mh fo,t + 01)
where Z;;, can be calculated as below:
| Zin| =
(k+1+4 51— ) — kwd)? + (hQui (1 — 5.5))? (3.14)
“ Q* + (hQu,(k+1— —L5))?
hQuw, (1 = %)
¢Zi,h = tan_l e
k+1+ =+ (1— h21w2) — kw?
" (3.15)
o, (b +1 - )
= —tan~? -

Q
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Figure 3.9: Equivalent circuit of the CLLC resonant circuit connected to leg
A of the designed converter.

where k = L, /L, is defined as the ratio between secondary-side and mag-
netizing inductance, and m = C;/C,, is defined as the ratio between secondary-
side and primary-side capacitances. Moreover, R, is the equivalent resistance
seen by the resonant circuit as shown in Fig. 3.8. Switching the two middle
switches in the leg B (leg A) in AC to DC (DC to AC) mode, R,. can be

described as below:

8

T2

Rae (1— D,)*Ry, (3.16)

as a result, quality factor can be redefined as below:

Rac
meo

Q/: (1 - Ds)2 = Q(l - Ds)2 (317)

The effect of the active rectification on the voltage gain of the DC/DC stage
of the designed converter during both AC to DC and DC to AC operation of
the bidirectional converter is discussed below.

Based on (3.8), the RMS value of the input voltage to the resonant circuit
(vres) can be calculated as (3.18).

Vpes 1 i 1 — cos(2nmD,) (3.18)

Vbo—iink T n?

n=1

The duty ratio of the stacked switches in leg A will be fixed at D, = 0.5.

Therefore, for further simplification, the RMS value give in (3.18) can be
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simplified as given in (3.19).

UTES

__res 3.19
Vboc—tink ( )

Disregarding the higher-order harmonics, considering the voltage gain of
the CLLC resonant circuit, and the redefined quality factor shown in (3.17),
overall voltage gain of the DC/DC stage of the converter in AC to DC mode

can be determined as shown in (3.20).

UO
Vbeo—iink

Wy (3.20)

2
2\/(%?—1)2—1—@%(/{:wf—%—kwr—l—m#w—wr)

Following the same procedure, overall voltage gain of the DC/DC stage of the
converter in DC to AC mode can be determined as shown in (3.21).

Vb —tink

Vo

Wr (3.21)
2
2\/(wr — m%;,, + kw,)? + é (1 + 1 m}u%k(l - w?))

Following (3.20) and (3.21), the overall gain of the converter becomes de-

pendant to the duty ratio of the switches in leg B (D) (leg A (D,)) during
AC to DC (DC to AC) mode.

Fig. 3.9 illustrates the overall gain plot of the designed converter with
active rectification. It shows that the converter’s overall gain can be controlled
independently using D,. This approach will later be utilized in the controller

to help the converter achieve reduced output voltage ripple.

3.4 Control System Design

As mentioned in the pervious sections, high input current quality, output volt-
age regulation, and low output voltage ripple are critical performance metrics
in the design of the bidirectional AC/DC converter, especially when using low
storage capacitances. Ensuring high input current quality minimizes harmon-

ics, thereby reducing EMI and enhancing the overall efficiency of the power
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Figure 3.10: Overall voltage gain plot of the designed converter for Dy > 0.

system. Precise output voltage regulation is vital for maintaining stable opera-
tion, and low output voltage ripple is essential for providing a clean and stable
DC output to the battery. This allows the elimination of bulky electrolytic-
type capacitors and use of more reliable film capacitors in the converter design
that not only reduces the physical size and cost of the system but also makes
the converter more efficient and reliable. In the following, the detailed design
of the developed controllers is discussed to illustrate how these performance

metrics are achieved.

3.4.1 PFC Current Controller

As stated throughout the paper, a dg-based PFC control system has been
developed for designed bidirectional AC/DC converter to provide high-quality
grid current for both AC to DC and DC to AC modes of operation. To that
end, the dqg model presented in section III-A has been utilized to derive the

transfer function of the system. Laplace transformation of (3.7) results in
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(3.22) as shown below.

. Vinw,d Vcin,d . Rf .
Sifd = —F— — T Wolfq = 7
Ly Ly Ly
. o Vinwv,q VCin,g . Rf .
Slfq = - — Wolfd = 7 lfg
Ly Ly Ly
. o VCin,d Vin,d . in .
Slin,d = I - I + Wolin,g — L_ in,d
. __ UCing . Rzn .
Slin,g = L. — Wylind — Tzin,q
in in
iLf.d Lin,d

SUCin,d = C + WyUCin,g — C_
7 7

ifq Lin,g
SUCin,g = C — WyUCin,d — C
7 n

Considering %, 4 and %;,, as outputs and v, q and vy, , as inputs of the
system, the mathematical model presented in (3.22) can be re-written as shown

in (3.23) where vc,

k3

a1 VCin.g>ip.a and iy, are replaced with their equivalent

3

1 1 Vinw,d VCin,d Rf .
f— —_—— —— — _nyd
Cm S Lf Lf Lf

. . 1 1 1 1 Vinv,q . VCin,g . Rf .
Slzn,q - Zf,q
Lm S Cz S Lf Lf Lf

Z-in,q ) ) Rm i
- — 7 lind

since 4jnq and i, g, and Vi, q and v, , are outputs and inputs of the

values.

(3.23)

system, respectively, (3.23) can be re-defined as shown in (3.24), where dy(s)

and d,(s) are considered as disturbances to the system as shown in (3.25).

1 R\ . 1
<S + —SLmOZ' + Lm) Yin,d = _SQLmOmLf Vinv,d + dd(s)
. s X (3.24)
(5 st 1) e = gy o 60
Vin 1 VCin Ry .
dag(s) = — Li,;d - 2L.C. ( CLf’d + L—]{Zf,d)
(3.25)

. 1 VCin,gq Rf .
d‘](s) - _SZLinCin ( Lf + L_fzqu
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Figure 3.11: Block diagram of the developed PFC controller for the designed
bidirectional converter.

as a result, d and ¢ transfer functions of the system can be calculated as shown

in (3.26).

Z-z'n,d o o L'm/Lf

Vinvd Gals) = 3 (s2L2,Cip, + 8RinLinCin + Lin) (3.26)
_— S) =

Uinv,q I S (S2L12ncm + SRmLGOzn + LG)

Using the transfer functions G4(s) and G,(s) calculated in (3.26), two PI
controllers in the form of (3.27) can be designed for closed-loop stability of
the system. To that end, Control Systems Analysis Toolbox in MATLAB
has been utilized to calculate the proportional and integral gains of the PI
controllers implemented for the dg PFC current controller in the designed

controller following the the converter specifications presented in Section V.

K iq

Cia(s) = Kpia +

)

(3.27)

K,
Ci,q(s) = Kpiq + s .
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Figure 3.12: Bode diagram of the closed-loop system for the developed dg-
based PFC controller.

In (3.27), to cancel-out the destructive effect of the PI's pole at zero, PI's zero
should be considered close to the origin. Therefore, K; 4/ Kpid = Kiiq/ Kpig =
0.1 has been considered. Moreover, the proportional gain of the K, ;g = K, ;; =
70, and therefore, K, ;s = K;,; = 7 has been chosen for the controllers. The
bode diagram of the closed-loop system is illustrated in Fig. 12, where phase

margin and gain margin are 180° and 7.6dB, respectively.

3.4.2 Output Voltage Regulation

As illustrated in Fig. 3.12, VFM has been employed to regulate the output
voltage of the designed bidirectional AC/DC converter during operation. The
VFM-based controller is designed specifically for output voltage regulation and
independent from ripple reduction controller, ensuring stability by avoiding
continuous frequency variation due to high output voltage ripple, which results
from the use of small DC-link and output filter capacitors. To achieve this,
the average of the converter’s output voltage was utilized to eliminate the low-
frequency ripples. Then the measured voltage is compared with a reference
value (i.e. V, .; = 750V, for this design) to generate an error signal (see Fig.
3.12). This approach ensures that the output voltage ripple does not influence

the output voltage regulation control loop and, consequently, the switching
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Figure 3.13: Block diagram of the developed VFM-based output voltage reg-
ulation controller for the designed converter.
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Figure 3.14: Bode diagram of the closed-loop system for the developed VFM-
based controller.

frequency of the converter.

The error signal is subsequently fed into a PI controller to produce the
required control signal, which in this case is the switching frequency (fs,). The
gains of the PI controller (K, and K,,), as shown in (3.28), are determined

based on the fundamental harmonic approximation (FHA) and utilizing the
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Control System Analysis Toolbox in MATLAB.

Ki,o

Co(s) =Ko+ (3.28)

The mechanism of the designed VFM-based output voltage regulation con-

trol system can be summarized in the following steps:

1.

The control loop continually compares the average of the actual output
voltage (V,) with a reference voltage (V, ref, €.8., 750Vdc). In this way,
the output ripple will have no effect on this loop.

Any deviation from V¢ generates an error signal, which is processed

by a PI controller presented in Fig. 3.12.

The PI controller dynamically adjusts the switching frequency (fiy) to
influence the voltage gain of the resonant converter based on the voltage
gain curve of the converter presented in Fig. 3.9:

e When V, exceeds V, ,ef, fsw increases to reduce the voltage gain.

e When V,, falls below V,, ,f, fsw decreases to increase the voltage gain.

. Then, the switching frequency (fs) is applied to the switches in both

leg A and leg B of the converter as shown in Fig. 3.12.

It’s important to note that the overall closed-loop system comprises two

subsystems operating at different frequencies: 1) the designed bridgeless bidi-

rectional AC/DC converter, which operates at a very high frequency (fs, =~

100kH z), and 2) the VFM-based PI controller, which operates at a lower

frequency. In control system theory, when subsystems interact at different op-

erating frequencies, using the full model of the high-frequency subsystem can

unnecessarily complicate the overall closed-loop system. Instead, employing

an average model of the high-frequency subsystem is sufficient for designing

the low-frequency (PI) controller [88]-[89]. Therefore, the FHA model is ad-

equate for designing the PI controllers for output voltage regulation in the

designed converter.
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Accordingly, a PI controller as described in (3.28) is developed for output
voltage regulation. To counteract the PI's pole at zero, the PI's zero is po-
sitioned close to the origin, setting K;,/K,, = 133 x 1077. Considering the
output range of the VM controller (f,, ~ 100kHz), the proportional gain of
the PI controller is set at K,, = 750. Consequently, K;, = 0.01 is calculated.
The Bode diagram of the closed-loop system is given in Fig. 3.13. The bode
diagram in Fig. 3.13 indicates a phase margin of 59.7° and a gain margin of

infinity that shows very stable system.

CLLC Resonant Tank
HB PFC Leg A Leg B
Cp L, C,

1L Taan g Wil
LJ LJ

Vin € N OV

Figure 3.15: Block diagram of the developed ripple reduction controller for the
designed converter.

3.4.3 Ripple Reduction Controller

As illustrated in Fig. 3.14, the designed converter employs a closed-loop con-
troller based on Pulse Width Modulation (PWM) to address the high output
voltage ripple caused by the use of low storage capacitances. This PWM-based
controller is designed specifically to reduce output voltage ripple by control-
ling switches Sg and Sy in leg B of the converter during AC to DC mode and
Sy and S5 in leg A of the converter during DC to AC mode. The ripple re-

duction controller, as shown in Fig. 5, extracts the ripple component of the
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Figure 3.16: Bode diagram of the closed-loop system for the developed ripple
reduction controller.

output voltage (V,) by subtracting the average output voltage (V, avy) from the
instantaneous voltage. This isolated ripple is then processed to dynamically
adjust the secondary-side duty ratio (Ds) for effective ripple minimization. By
operating independently of the voltage regulation and PFC loops, the ripple
controller ensures stable system performance without interference from other

control mechanisms.

Kiy (3.29)

Cr(s) = Ky, +

Considering the fact that the error signal in this case is the output voltage
ripple (E = Ripple), the control signal (D) generated by (3.29) can be defined
in (3.30).

¢
Dy(t) = K, Ripple(t) + Ki,r/ Ripple(t)dr (3.30)
0

Now combining the time-varying D, and equivalent resistance (R,.) defined in
(3.16) results in (3.31).
Rac =

t 2
s (1 - {Kp,rRipple(t) —i—Km/ Ripple(T)dT]) Ry,
0

2

(3.31)

By appropriately selecting the PI controller gains (K, and K; ), the equiv-

alent resistance (R,.), quality factor () and, consequently, the overall gain
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Figure 3.17: Unified block diagram representation of all the developed control

systems.
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of the converter can be controlled by the PI controller to minimize the output
voltage ripple, allowing the use of low storage capacitances.

Similar to the VEM controller design, the overall closed-loop system in-
cludes two subsystems with different operating frequencies: 1) the designed
bridgeless AC/DC converter operating at a high frequency (fs, ~ 100kHz),
and 2) the PWM-based PI controller operating at a lower frequency. As dis-
cussed in the VFM controller design, using an average model of the system
suffices for designing the low-frequency (PI) controller for output voltage rip-
ple reduction [88]-[89]. Therefore, the FHA model is adequate for PI controller
design.

To this end, a PI controller as described in (3.29) is developed for output
voltage regulation. To mitigate the PI's pole at zero, the PI's zero is placed
near the origin, resulting in K;,/K,, = 1073, Given the output range of
the PWM-based controller, the proportional gain is set to K,, = 0.01, and
consequently, K;, = 0.00001. The Bode diagram of the closed-loop system
is shown in Fig. 3.16, with phase and gain margins of 60.9° and infinity,
respectively.

For simplicity and practicality, this unified control block diagram has been
presented as Fig. 3.17 to consolidate the previously separated control systems
into a single integrated structure. The diagram demonstrates the interconnec-
tions between the PFC controller, output voltage regulation loop, and ripple
reduction control, streamlining the implementation while maintaining robust
functionality. The input current controller dynamically adjusts the input cur-
rent reference (4;,, 4ref) based on load demand and input voltage measurements,
ensuring proper power factor correction (PFC) and matching input power with
output power. The output voltage regulation loop utilizes the switching fre-
quency (fs) to stabilize the output voltage (V,) at its reference value (V, ref)
under varying load conditions, while the ripple reduction control dynamically
adjusts the secondary-side duty ratio (D) to minimize ripple independently
of the voltage regulation loop. This unified approach enhances practicality by
reducing complexity and ensuring efficient and autonomous operation of each

subsystem.
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It is important to note that the ripple reduction controller operates by
targeting the low-frequency ripple component (120 Hz) in the output volt-
age. With a fast sampling time of 1 ps, the controller accurately measures
and processes the ripple, adjusting the duty cycle (D) of Leg B at the rip-
ple frequency to achieve effective cancellation. This process is robust against
high-frequency noise due to proper signal filtering and operates independently
of high-frequency switching dynamics, ensuring precise ripple minimization

without impacting other control loops.
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Figure 3.18: Picture of the Proof-of-concept prototype.

3.5 Experimental Validation

To validate the performance of the designed bidirectional AC/DC converter

and the efficacy of the designed control systems, a proof-of-concept hardware
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Table 3.1: Parameter Values of the Designed Prototype

Parameters Values

Rated Power (P,) 1EW
Output Voltage (Vo) 750‘/dc
Input AC Voltage (vin) 90 — 135‘/110,1"7713
Leg A and B Switching Frequency (fsw) = 100k H =
HB Switching Frequency (frs) T0kHz
Input Filter Inductance (L;y,) 55OIUH
Input Filter Capacitance (Ciy,) 0.8uF

PFC Inductance (Ly) 170,uH
DC-link Capacitances (Ci1, Ciz) S50uF
Primary Resonant Capacitance (Cp) OO68ILLF
Secondary Resonant Capacitance (Cs) 068/LF
Resonant Inductance (L) 260uH
Magnetizing Inductance (L) 270,uH

Output Filter Capacitances (Co1,Co2) 25/LF

Switches (S1 — Sa) IMW120R020M1HXKSA1
Switches (S5 — S10) IMWG65R030MIHXKSA1
Snubber Capacitors (Cs1 — Cs10) 200pF

Dead-time (tgt) 30ns

prototype was developed and tested in the laboratory. The prototype em-
ploys a 1kW,120V,,s/750Vy., 90 — 120k Hz SiC-based design. Additionally,
the PLECS RT Box 1 was utilized as the controller unit. Fig. 3.17 presents
a photograph of the developed hardware prototype, and Table I provides the
system specifications and parameters. Moreover, the design procedure of the

parameters presented in Table I is provided in the Appendix.

3.5.1 AC to DC Mode Experimental Results

The experimental waveforms obtained from the prototype in its AC to DC
operational mode are displayed in Figs. 3.19-3.27. Fig. 3.19 shows the in-
put voltage (v;,), input current (i;,), output voltage (V,), and output current
(1,) waveforms at an input of 120V,.,ms and an output voltage of 750V.. As
illustrated in Fig. 3.19, the input power factor is PF = 0.994, and the devel-
oped converter achieved an efficiency of 94.4% at approximately 1kW power,
as measured by the ”power analysis tool” from the KEYSIGHT MSOX6004A

oscilloscope.
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Figure 3.19: Input and Output waveforms of the converter at rated power in
AC to DC mode.
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Figure 3.20: Voltage over and current flowing through S; at line frequency in
AC to DC mode.
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Figure 3.21: Voltage over and current flowing through S; at switching fre-
quency in AC to DC mode.

The switches S, S35, S4, and Sy voltage and current waveforms at line
and switching frequency are shown in Figs. 3.20-3.27. Each switch current in
the designed converter has a low-frequency envelope and therefore, the soft-
switching operation of each switch needs to be verified in both positive and
negative line cycles. Due to the similar operation of the switches S; and S5,
Ss and Sg, 5S4 and S5, and Sy and Sy, showing the switching waveforms for 57,
S3, Sy, and Sg would be sufficient to confirm the soft-switching performance
of the converter.

The voltage and current waveforms of switch Sy at line frequency are shown
in Fig. 3.20. Moreover, the soft-switching operation of the switch S; in both
positive and negative line cycles are shown in Fig. 3.20. To further verify the
soft-switching operation of switch 57, voltage and current waveforms of switch
Sp at switching frequency are illustrated in Fig. 3.21. ZVS turn ON and ZCS
turn off can be observed in Fig. 3.21, which occurs due to the design of the
LCL filter and PFC stage of the converter.

The voltage and current waveforms of switch S3 at line frequency are shown
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in Fig. 3.22. Moreover, the soft-switching operation of the switch S3 is shown
in Fig. 3.22. To further verify the soft-switching operation of switch S3, voltage
and current waveforms of switch S3 at switching frequency are illustrated in
Fig. 3.23. Since the resonant current is lagging behind the resonant voltage
due to the presence of CLLC resonant converter, switch S current first flows
through its antiparallel diode. This is why as shown in Fig. 3.23, S5 current
is negative at the moment that it turns ON, resulting in ZVS Turn ON for
Switch S3. Moreover, due to the presence of snubber capacitors, voltage across
Sz slowly rises from zero proving near ZCS turn OFF for this switch as shown

in Fig. 3.23.

20v |2 10.0&/ ) 1000ms/ £ 1 v o
EI . -256 500V ‘ ‘ 22.7500A ‘i 0.0s ' Stop Q o7
T Meas | [E]
193 VOltag e (vds3) ks Low signal
+

S; Current (is3)

Figure 3.22: Voltage over and current flowing through S5 at line frequency in
AC to DC mode.

Similarly, the voltage and current waveforms of switch Sy at line frequency
are shown in Fig. 3.24. Moreover, the soft-switching operation of the switch S
is shown in Fig. 3.24. To further verify the soft-switching operation of switch
Sy, voltage and current waveforms of S at switching frequency are illustrated
in Fig. 3.25. Similar to the switch Sz, switch S, current first flows through

its antiparallel diode resulting in ZVS Turn ON for Switch Sy as illustrated in
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Figure 3.23: Voltage over and current flowing through S3 at switching fre-
quency in AC to DC mode.
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Figure 3.24: Voltage over and current flowing through Sy at line frequency in
AC to DC mode.
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Figure 3.25: Voltage over and current flowing through S, at switching fre-
quency in AC to DC mode.

Fig. 3.25. Moreover, due to the presence of snubber capacitors, voltage across
Sy slowly rises from zero proving near ZCS turn OFF for this switch as shown
in Fig. 3.25.

Similar to the switches S3 and Sy, to show the soft-switching operation of
the switch Sg, its voltage and current waveforms at line frequency are shown in
Fig. 3.26. Moreover, the soft-switching operation of the switch Sg is shown in
Fig. 3.26. To further verify the soft-switching operation of switch Sy, voltage
and current waveforms of Sg at switching frequency are illustrated in Fig.
3.27. Similar to the switches S3 and Sy, switch Sg current first flows through
its antiparallel diode resulting in ZVS Turn ON as illustrated in Fig. 3.27.
Moreover, due to the presence of snubber capacitors, voltage across Sy slowly
rises from zero proving near ZCS turn OFF for this switch as shown in Fig.
3.27.

Furthermore, the voltage waveforms of the DC-link capacitors C;; and Cio
(Vi1 and Vi2) and the overall DC-link voltage Vpe_jing are presented in Fig.
3.28 at line frequency. The voltage balance and stable voltage across DC-link
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Figure 3.26: Voltage over and current flowing through Sy at line frequency in
AC to DC mode.
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Figure 3.27: Voltage over and current flowing through Sy at switching fre-
quency in AC to DC mode.
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Figure 3.28: Voltage over the DC-link capacitors Cy; (V1) and Ciy (V1), and
overall DC-link voltage in AC to DC mode.

capacitors can be seen in this figure.

3.5.2 DC to AC Mode Experimental Results

The experimental waveforms obtained from the prototype in its DC to AC
operational mode are displayed in Figs. 3.29-3.32. Fig. 3.19 shows the grid
voltage (vi,), injected grid current (i;,), DC-side voltage (V,), and DC-side
current (/,) waveforms at the grid voltage of 120V, s and an DC-side voltage
of 750Vy.. As illustrated in Fig. 3.29, the input power factor is PF = 0.976,
and the developed converter achieved an efficiency of 96.2% at approximately
1kW power, as measured by the ”power analysis tool” from the KEYSIGHT
MSOX6004A oscilloscope.

The switches S7, S; and Sg voltage and current waveforms at switching
frequency are shown in Figs. 3.30-3.32. Each switch current in the designed
converter has a low-frequency envelope and therefore, the soft-switching oper-
ation of each switch needs to be verified. The operation of the switches S; and
Sy, Sy and S5, S7 and Sig, and Sy and Sy are similar. Moreover, the operation

133



EI ' 200VF 4957 ; 3.3A/ _ BIVf E|1ummsf '; 1 204V QE
= £

-417 500V 15.5225A 392.5mA 1.57825kvV 00s Stop
o 1 = Meas & E
Grid Voltage (vi,) PF=0.976 _, —
976m
Input Power(M1):
1 1.00kW
Output Powen(M2):
964w
Eciency(V2— 1),
Injected Grid Current (i;,)
' . /‘“\ | X /"‘\\ //"\\ ‘?4B.Z£V
[ \\/; \\'\__/" 4 \_v/ N M-Cyc()),tm
AC RMS Cyc(1):
11967Y
1 - AC RMS Cyc(C):
DC side Voltage (V,) R
+

e i e I
2

‘| DC side Current (1,)

|

Figure 3.29: Input and Output waveforms of the converter at rated power in
DC to AC mode.
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Figure 3.30: Voltage over and current flowing through S at switching fre-
quency in DC to AC mode.
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of switch Sy in DC to AC mode is similar to the operation of switch Sg in AC
to DC mode. Therefore, showing the switching waveforms for S;, S7 and Sg
would be sufficient to confirm the soft-switching performance of the converter
in DC to AC mode.

To show the soft-switching operation of switch S; in DC to AC mode, volt-
age and current waveforms of switch S; at switching frequency are illustrated
in Fig. 3.30. Due to the specific design of the HB converter and the PFC
inductor, switch S; current first flows through its antiparallel diode. This is
why as shown in Fig. 3.30, S current is negative at the moment that it turns
ON, resulting in ZVS Turn ON for Switch S;. Moreover, due to the presence
of snubber capacitors, voltage across S slowly rises from zero proving near

ZCS turn OFF for this switch as shown in Fig. 3.30.

o = 564/ 2007 5.000us/ 200V )
g6 g so o
= ) 1225004 30,000V 0.0s Stop Y,
b Meas 5]
Freq(-)
80.146kHz
+

ZVS Turn ON

S, Current i)

Figure 3.31: Voltage over and current flowing through S7 at switching fre-
quency in DC to AC mode.

Moreover, to verify the soft-switching operation of switch S; in DC to
AC mode, voltage and current waveforms of S7; at switching frequency are
illustrated in Fig. 3.31. Due to the presence of the CLLC resonant converter,

switch S; current first flows through its antiparallel diode resulting in ZVS
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Figure 3.32: Voltage over and current flowing through Sg at switching fre-
quency in DC to AC mode.

Turn ON for Switch S; as illustrated in Fig. 3.31. Moreover, due to the
presence of snubber capacitors, voltage across S; slowly rises from zero proving
near ZCS turn OFF for this switch as shown in Fig. 3.31.

Similar to the switch S7, switch Sy current first flows through its antipar-
allel diode resulting in ZVS Turn ON for Switch Sg as illustrated in Fig. 3.32.
Moreover, due to the presence of snubber capacitors, voltage across Sy slowly

rises from zero proving near ZCS turn OFF for this switch as shown in Fig.

3.32.

3.5.3 Dynamic Response Experimental Results

To further validate the performance of the developed closed-loop control sys-

tems, dynamic responses are captured in case of voltage reference tracking

in AC to DC mode and current reference tracking in DC to AC mode. The

dynamic responses of the designed converter are shown in Figs. 3.33 and 3.34.

To validate that developed VFM-based output voltage control system in

AC to DC mode is able to regulate the output voltage of the designed converter
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(V,) for different input voltages (v;,), the input voltage of the converter is
changed from 120V,,,s to 100V,,,s; and the dynamic response the converter is
illustrated in Fig. 3.33. As can be seen in Fig. 3.33, the closed-loop control
system was able to maintain the 750V}, output of the system despite the
change in the input voltage of the converter with zero steady-state error and
fast transient response.

To validate the performance of the developed dg-based PFC current con-
troller regarding reference current tracking, reference current of the converter
is decreased by 15% during the DC to AC operation of the converter. Fig. 3.34
illustrates the dynamic performance of the converter to this reference varia-
tion. Grid voltage (vyy,), injected grid current (i;,) and DC side voltage (V)
of the converter are shown in Fig. 3.34. It can be seen in Fig. 3.33 that the
dg-based PFC control system was able to track the new reference current with

zero steady-state error and fast transient response.
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Figure 3.33: Dynamic performance of the system against input voltage varia-
tion in AC to DC mode.

137



E . 190v/ (2] 008 (7] 200v/ 500 0ms/ . (R REY Q-
= 472625V | 11.0000A | | 1.02250kV || 2.440s Stop
- * 7 i Meas
Grid Voltage (v; =
AC RMS Cyc(1):
119.03V
1 +

Injected Current (iy,)

Current Referen ce

| [T | 1l
Il 1 l|‘| 1 |I I ||! l' il ‘l I [ Lt | || || |l
tl Eil L|1]|!||lililli I!‘iiﬂllﬁlh 'li'.,;' %i! LElhsfiip!;il”il‘”illllrl-" 1l-l- ,“’ﬂjﬁ J.un "ml u‘ [[

li_

13% decrease

DC-side Voltage (V,)

Figure 3.34: Dynamic performance of the system against input current refer-
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Figure 3.35: Efficiency Curve of the designed converter for different input
voltages.

3.5.4 Comparison

Table 3.2 provides a comprehensive comparison of the designed converter
with several state-of-the-art OBCs presented in the literature, highlighting
key parameters such as the number of semiconductor devices, switching fre-

quency, DC-link and filter capacitances, peak efficiency, and output voltage.
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Power Factor vs. Input Voltage for AC to DC and DC to AC Modes
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Figure 3.36: Power Factor Curve of the designed converter for different input
voltages.
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Figure 3.37: Harmonic distortion captured from the hardware experimental
prototype

A standout feature of the designed design is the complete elimination of bulky
electrolytic capacitors, which are commonly used in other designs but suffer
from limited lifespan and larger volume. Instead, the designed converter uses
2 x 25 puF' film capacitors for both the DC-link and filter stages, significantly

reducing size, cost, and reliability concerns. The converter achieves a peak ef-

139



ficiency of 96.2% and operates at a switching frequency range of 100-120 kHz,
enabling reduced passive component sizes and enhanced power density. More-
over, due to the stack-switched-based design of the converter, the designed
topology effectively reduces the voltage stress across individual switches, mak-
ing it more suitable for high-voltage (HV) applications compared to the other
designs. With support for an output voltage of up to 750 V, the converter is
well-suited for modern HV EV applications, while minimizing the component
count to just 10 switches and completely eliminating discrete diodes. This
design strikes a balance between performance, compactness, and reliability,
offering advantages over existing solutions.

Fig. 3.35 illustrates the measured efficiency for a range of an input voltages
for both AC to DC and DC to AC modes of operation. It can be observed
that the maximum efficiency of 94.4% (96.2%) was achieved at v;;, = 120V,.,5
in AC to DC (DC to AC) mode. Moreover, Fig. 3.36 shows the measured
power factor of the converter for a range of an input voltages in both modes of
operation. It can be observed that using the closed-loop duty ratio controller,
the quality of the input current remains high for different input voltages. It
is important to mention that switches Sg and Sy in Leg B in AC to DC mode
(switches Sy and S5 in Leg A in DC to AC mode) are the primary contributors
to the voltage ripple reduction, as their duty ratios Dy in AC to DC mode (D,
in DC to AC mode) are dynamically adjusted to control the gain curve and
ensure effective ripple cancellation. This design aligns with the theoretical
framework and experimental results presented in Sections V. While S; and
Si10 in AC to DC mode (S; and S5 in DC to AC mode) were not utilized in the
current design to maintain simplicity and adhere to the theoretical focus, they
could potentially be employed as synchronous rectifiers to complement Sg and
So (S3 and Sg), reducing conduction losses and improving overall efficiency.

The detailed harmonic analysis, covering the first to the seventh harmonics,
was obtained from the hardware prototype using the ” Power Analysis Tool” of
the KEYSIGHT MSOX6004A oscilloscope, as illustrated in Fig. 3.37 during
DC to AC operation at v;, = 120V,,,,. The THD was measured at 2.42%, and

these harmonic values were compared with the IEC 61000-3-2 standard [92],
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which specifies the maximum allowable harmonics for class A battery chargers
(with input current < 16 A). The results confirm that the developed PFC

current controller successfully meets these stringent standards.

3.6 Chapter Summary

This chapter presented the design and implementation of a high-performance
bidirectional single-phase AC/DC converter for EV charging systems capa-
ble of operating in both charging (G2V) and discharging (V2G) modes. The
designed topology integrates a dual stacked-switch half-bridge PFC stage on
the AC side and a CLLC resonant stage on the DC side to achieve galvanic
isolation, soft-switching, and reduced voltage stress across the semiconductor
devices. This architecture addresses critical challenges in conventional bidirec-
tional converter designs, including excessive voltage stress, poor soft-switching
capability, and the reliance on bulky electrolytic capacitors.

A comprehensive control system was developed to support bidirectional
power flow with high power quality and ripple suppression. A dg-frame-based
PFC controller was implemented to synchronize with the grid and ensure sinu-
soidal input /output current in both AC/DC and DC/AC modes. Furthermore,
a secondary-side duty modulation control technique was introduced to reduce
low-frequency output voltage ripple, enabling the use of compact and reliable
film-type capacitors.

The designed topology and control framework were validated through de-
tailed simulation and experimental testing on a 1 kW prototype. The results
confirmed the converter’s ability to operate with high efficiency, maintain unity
power factor, achieve low THD, and perform soft-switching in both directions
of power transfer. These outcomes demonstrate the feasibility of the designed
system as a compact, efficient, and reliable bidirectional EV charger suitable

for future grid-interactive mobility applications.
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Chapter 4

Linear Matrix Inequality-Based
Robust Hy AC-Grid-Forming
Control System

4.1 Introduction

This chapter focuses on the design and implementation of a robust GFM
control strategy for single-phase bidirectional AC/DC converters used in EV
charging systems. As EVs evolve into active grid participants through V2G
and V2H capabilities, the ability of onboard chargers to autonomously es-
tablish voltage and frequency references under islanded conditions becomes
increasingly critical.

In the first part of this chapter, a comprehensive state-space model of the
bidirectional AC/DC converter is developed, incorporating polytopic uncer-
tainty to account for variations in grid parameters and system loading. This
model serves as the foundation for robust controller synthesis.

The second part presents the design of an H., controller using LMIs, en-
suring robust voltage and frequency regulation across a range of operating
conditions. Integral action is embedded in the control structure to eliminate
steady-state error, while maintaining low THD and fast transient response.

In the final part of the chapter, the designed control strategy is imple-
mented and validated experimentally. The performance of the controller is
evaluated under dynamic loading, disturbances, and transition scenarios. The

results demonstrate the controller’s effectiveness in maintaining grid-forming
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operation with high stability, low harmonic distortion, and reliable dynamic
behavior, confirming its suitability for future EV grid-supportive infrastruc-

tures.

4.2 State-Space Dynamic Modeling

To enable robust control synthesis for the AC-GFM operation of the bidirec-
tional OBC, a state-space model of the system is developed in the synchronous
dq reference frame. This modeling approach transforms sinusoidal AC vari-
ables into DC quantities, greatly simplifying the analysis and control of the
system. In particular, the dg transformation facilitates decoupling of active
and reactive power control, enhances disturbance rejection, and allows for
straightforward integration of integral action to eliminate steady-state error.

The modeling process begins by projecting the single-phase signals into
the two-phase stationary o/ frame using the Clarke transformation, followed
by the Park transformation to convert the signals into the rotating dq frame.
This methodology is consistent with the framework introduced in Chapter
3. The inverter is connected to the load through an LCL filter, and the state
variables are defined as the filter inductor current i, the filter capacitor voltage
vef, and the load current ¢;, as shown in Fig. 3.4. The load voltage vy, is
treated as a disturbance to enable robustness against load changes and load
side perturbations.

The resulting linear time-invariant (LTI) state-space model of the system

in the dq frame is described by the following equations:

t(t) = Az(t) + Byu(t) + Bad(t),
y(t) = Cya(?)

where the state vector is defined as z(t) = [if.4, it.q, iL.dy iL.q» Vefudy Vefiq) s

(4.1)

the control input vector as u(t) = [Vinv.a, Vinwg]®, and the disturbance input
as d(t) = [Vin.a, vqu]T. The corresponding system matrices are presented at

the bottom of this page.
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The matrix A captures the dynamics of the LCL filter and rotating ref-
erence frame through wy, while B, relates to inverter control inputs and By
models the effect of load-side voltage disturbances. The output matrix C' se-
lects the capacitor voltages v.rq and v, as the controlled outputs, which

serve as the grid-forming reference voltages.

4.2.1 Integral Augmentation for Zero Steady-State Er-
ror

To ensure zero steady-state error in tracking the reference voltage during GFM
operation, the system is augmented with integral action. This augmentation is
particularly important in AC-GFM control, where accurate voltage regulation
is critical for maintaining power quality and load stability in V2H applications.

To ensure zero steady-state error in regulating the output voltage during
V2H operation, the system is augmented with integrator states that track the
error between the load voltage and its reference. Based on the corrected output

model, the error dynamics are defined as:

I(t) = Vrera(t) — Cy(t), (4.3)
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Figure 4.1: Block diagram of the designed AC-GFM controller for an OBC
connected to unknown load through LCL filter.

where 9(t) denotes the integrator states. As a result, the augmented state

vector becomes:

o | z(2)
z(t) = [ﬁ(t)] (4.4)
and the augmented system dynamics are given by:

#(t) = Az(t) + Byu(t) + Bad(t),

A (4.5)
g(t) = Cyi(t)
with the augmented system matrices defined as:
A {_fé 86><2:| B, - {OBu } 7
5 Yy 02><2 éx2 0 (46)
B _ d 6x2 é _ Y 2x2
¢ |:02><2 I ] ’ Y O2x6 12
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Figure 4.2: Unified Block diagram of all the controllers implemented in the

OBC in Chapter 3 during V2H operation.
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where #(t) = [z(t), J4(t), 9,(t)]7 is the integrator state vector, u(t) =
[Vinv.d, Vinwg)' is the control input, d(t) = [d(¢), Vrera(t), Urepq(t)]T is the
disturbance input, and §(t) = [y(t), Ya(t), 9,(t)]" is the regulated output
voltage at the load terminals.

This augmented model serves as the basis for robust state-feedback con-
troller synthesis, ensuring both transient performance and zero steady-state

error in the face of disturbances and uncertainties.

4.2.2 Polytopic Uncertainty Modeling

To ensure robust stability and performance under parameter deviations, the
AC-GFM system is modeled using a polytopic uncertainty framework. This
approach enables the representation of uncertain system matrices as convex
combinations of vertex matrices, each corresponding to boundary values of the
uncertain parameters.

In this study, the uncertainty arises from variations in the load-side induc-
tance L;, and resistance R;,, which are subject to change due to fluctuating
load conditions or environmental factors. These parameters significantly affect
the dynamic behavior of the system and must therefore be explicitly considered
during controller design.

Specifically, the variations in L;, € [LI" LM>] and R;, € [RRn, BB
propagate through multiple matrices in the model, including the state matrix
A, the disturbance input matrix By, and the output matrix C,. As a result,
their augmented counterparts, 121, Bd, and C'y, also inherit this uncertainty and
are treated accordingly within the polytopic structure.

All possible realizations of the uncertain polytopic matrix lie within a con-
vex hull. This convex hull represents the smallest convex set that encompasses
every admissible configuration of the matrix under parameter variation. For
a system matrix affected by n independent uncertain parameters, the convex
hull is defined by 2™ vertex matrices, each corresponding to an extreme combi-
nation of the parameter bounds. The uncertain matrix can then be expressed

as a convex combination of these vertices, as shown below for a given matrix
b
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E(q1,92,--.,qn) € conv{E"},

27L
E(leQQa s 7QTL> - Z)\vEU7
v=1

-
=1 A0
v=1

where EV represents the vertex matrix associated with the v*" combination

(4.7)

of parameter extremes, and n denotes the number of uncertain parameters.

Similarly, for matrices fl, Bd, and éy, we have:

4
Algr,g2) = Y A AW,
v=1
2
Ba(gs) =Y NBY, (4.8)
v=1

2
Cyla) = NCW,
v=1

where q1 = 1/LG,q2 = Rm/L,m, qs = —1/LG,Q4 == Rzn + LG AS a result,
the augmented matrices A, By, and é'y have a permissible range of changes

within a defined bounded range, described as follows:

Gt < gl < g,
" < g2 < gt
3" < g3 < g3,
" < g4 < g

(4.9)

Accordingly, the vertices of the uncertain augmented matrices A, By, and
éy corresponding to the extreme combinations of uncertainties can be given

as below:

A(l) _ A(qlmin>q2min)’ A(2) _ A(qlmin’quax)’

) . | ) ) (4.10)
A(S) — A(q max’q mm)’ A(4) _ A(q max7q max)
~ (1 A~ ~ (2
Bd( - Ba(gs™"), Bd( - hatBq(qs™), (4.11)
6" = Baa™). ¢, = hatC,(a,"), (412)
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Wi 4 AX + X (AT + ZTBY" + B Z * ok

EX(A)T + 2By ~WD) — €AV X —¢BYZ — €ZT(A)T —€ZTBY x o« <0
By - By -1 x
C.X+D.Z EC.X +¢D.Z Dy —~I
(4.13)

This structure allows the use of LMI-based robust control synthesis over
the entire range of uncertainties by ensuring the closed-loop performance and
stability at all vertex cases. Since the polytopic model includes all possible
variations of the uncertain parameters, the controller designed over this set

guarantees robust performance for all admissible values of R;, and L;,.

4.3 Robust H,, GFM Controller Design

To achieve robust voltage regulation and stability in the presence of load-side
disturbances and parameter uncertainties, a state-feedback control strategy is
developed based on the H,, optimization framework. The designed controller
operates under the control law u(t) = K,Z(t), where K is the state feedback
gain matrix to be synthesized.

The first step in the controller synthesis process is to derive the closed-
loop representation of the uncertain system. By substituting the control input
u(t) = Ksz(t) into the state-space model of the augmented system in (4.5),
the resulting closed-loop dynamics of the augmented system can be expressed

as:

() = (A(Al) + BUKS> #(t) + Ba(o)d(t),
§(t) = Cy(As)a (1), (4.14)
2(t) = (C, + D.K,) &(t) + Dyd(t),
where (t), cZ(t), and z(t) are the state, disturbance, and controlled output
vectors of the augmented system respectively, and the matrices /1, Bu, E’d, and

C’y follow the definitions provided in the section II.C. The controlled output

vector z(t) is considered to include error and control input vectors to make
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sure the disturbances have minimum effect on these vectors. This closed-loop
model forms the foundation for formulating the robust H., control problem
and deriving appropriate LMI conditions to ensure system performance and
stability across all admissible uncertainty realizations.

To guarantee closed-loop stability and ensure that the induced H., norm
from disturbance d(t) to controlled output z(¢) is less than a prescribed per-

formance level v, the following theorem provides a sufficient condition:

Theorem 1. Assume scalar parameters ¢ > 0, € € (—=1,1), and v > 0. For
each vertex realization v of the uncertain system, suppose there exist matrices
W) = (WENT >0, X = XT > 0¢€ R™*", and Z € R™*" such that the
LMI (4.13) shown at the top of the page holds, where the transformed matrices

are defined as:

A =€eA” — 1,
BY = eBY,
B! = €B,.
Then, the state feedback gain
K,=7X"! (4.15)

ensures that the closed-loop system is quadratically stable with an H., guar-

anteed cost less than /7y for all admissible uncertainties in the polytopic set

(13| = v7 )93

.

Remark. In cases where the system matrices such as 121”, B};, or é}j
have different numbers of polytopic vertices, the overall uncertainty must be
represented using the Cartesian product of these vertex sets. This results in a
total of 4 x 2 = 8 combined vertex combinations for the uncertain closed-loop
system. To ensure robust H., performance under all admissible combinations,
the LMIs in Theorem 1 must be enforced for each of these 8 vertex pairs. That

is, a separate Lyapunov matrix W) » 0 is used for each combination (1,7),

where i € {1,2,3,4}, j € {1,2}. This approach guarantees that the controller
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is robust with respect to the full range of structured uncertainty across all

system matrices.
The robust controller design follows a systematic three-step procedure:

1. Step 1: Vertex Construction. Construct the vertex matrices of the
uncertain system fl”, ég, and é;’ , corresponding to the extreme values
of the uncertain parameters R;, and L;,, as detailed in the polytopic

uncertainty modeling section.

2. Step 2: LMI-Based Synthesis. Solve the convex optimization prob-
lem defined by the LMI in (4.13) for each vertex v, using chosen scalars
e >0, ¢ € (—1,1), and v > 0, to find feasible matrices X and Z.
This step ensures that the closed-loop system meets robust stability and

performance requirements across the full uncertainty range.

3. Step 3: Gain Extraction. Compute the final controller gain K, =
ZX~!. This gain guarantees minimized steady-state error, optimal tran-

sient response, and robust voltage regulation under V2H operation.

4.4 Experimental Validation

To experimentally validate the performance of the designed robust H,, AC-
GFM control strategy for V2H operation, a proof-of-concept hardware pro-
totype of the electrolytic capacitor-less bidirectional AC/DC converter was
developed and tested under laboratory conditions. The prototype is rated
for 1kW, with input/output specifications of 120 V,y,s/750 Vg, and operates
within a 90—120 kHz switching frequency range using SiC-based semiconductor
devices. The PLECS RT Box 1 platform was used to implement the real-time
performance of the designed AC-GFM controller. A photograph of the as-
sembled prototype is shown in Fig. 4.3, and the key system specifications and
electrical parameters are summarized in Table 4.1.

Fig. 4.4 shows the experimentally measured steady-state waveforms of the

load voltage vy, and load current ¢;, when the converter operates in the DC-to-
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Table 4.1: Parameter Values of the Designed Prototype

Parameters Values

Rated Power (P,) 1EW

DC-Side Voltage (Vpc) 750V,

Load Voltage (vr,) 120‘/610,7"”15

Leg A and B Switching Frequency (fsw) = 100k H =

HB Switching Frequency (frs) T0kHz

Load-Side Filter Inductance (L;y,) 550 /LH

Load-Side Filter Capacitance (Cf) OSMF

Inverter-Side Filter Inductance (L) 170MH

DC-link Capacitances (C;1,Ci2) 5OMF

Primary Resonant Capacitance (Cp) OOGSMF

Secondary Resonant Capacitance (Cs) ()68,uF

Resonant Inductance (L) 260MH

Magnetizing Inductance (L) 270,LLH

Output Filter Capacitances (Co1, Co2) 25MF

Switches (S1 — S2) IMWIQOROZOM]_HXKSA]_
Switches (S3 — S10) IMWG65R030MIHXKSA1

- 1 "
I O e
T
=

BrFrYs - N\
Figure 4.3: Picture of the Proof-of-concept prototype.
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Figure 4.4: Input and Output waveforms of the converter at rated power in
DC to AC mode with AC-GFM controller.

AC (V2H) mode at full load. The output voltage waveform exhibits a near-
perfect sinusoidal shape with an RMS amplitude of approximately 120 Vs,
indicating high-quality voltage synthesis. The output current 7; is also si-
nusoidal and closely aligned in phase with the output voltage, resulting in a
measured power factor of 0.976.

This result verifies the effectiveness of the designed AC-GFM controller
in providing tight voltage regulation, minimal harmonic distortion, and accu-
rate synchronization with the load. The converter delivers a measured output
power of 1.00 kW, confirming the system’s ability to maintain stable and high-
performance operation under nominal V2H conditions.

To validate the soft-switching behavior of the designed bidirectional AC-
GFM converter under the robust control framework, the experimental wave-
forms of switch S; are captured and shown in Figs. 4.5-4.7. While detailed
operation and soft-switching performance of all half-bridge switches (such as
S1—S2, S3—S6, S4—Ss5, and Sg—S9) are presented in Chapter 3, this section fo-
cuses on the performance of switch S; to confirm that, even under the designed

154



B0 © 828

Uy

$ 1 59V
. @

Sy Voltage (vay) S; Current (i)

Figure 4.5: Experimental voltage and current waveforms of switch S; at line
frequency, confirming ZVS behavior.
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Figure 4.6: Switch S; waveforms at switching frequency showing ZVS turn-on
during high-frequency operation (case 1).
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AC-GFM robust controller, soft-switching is maintained. Due to the symmet-
rical behavior of switches S; and S5, only the results for S; are shown for
brevity.

Fig. 4.5 illustrates the voltage (vgs1) and current (is) waveforms of switch
Sp at the line frequency. It can be observed that S; transitions at zero voltage,
confirming successful ZVS operation during both positive and negative line
cycles. This ZVS performance is essential for reducing switching losses and
ensuring thermal efficiency.

Figs. 4.6 and 4.7 show the high-frequency switching behavior of switch
S1 at approximately 70 kHz. The voltage waveform clearly drops to zero just
before the switch turns ON, while the current builds up afterwards, confirming
ZVS turn-on events. The sinusoidal nature of the switch current further con-
firms the resonant operation of the converter. These results collectively verify
that the half-bridge switch S; maintains full soft-switching functionality even

under closed-loop robust AC-GFM operation.

B Ew [ X g s F o e gl

- 48 05DA -19.00V

-

Meas B

Freq()
| 70.027kHz
+

_ ZVS Turn ON _
| S |

Figure 4.7: Switch S; waveforms at switching frequency showing ZVS turn-on
during high-frequency operation (case 2).

To experimentally validate the robustness of the designed AC-GFM con-
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Figure 4.8: Experimental THD and output voltage waveform for L;, = 350 uH,
showing 1.96% THD.
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Figure 4.9: Experimental THD and output voltage waveform for nominal case
L;, = 550 uH, showing 2.20% THD.
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Figure 4.10: Experimental THD and output voltage waveform for L;, = 1 mH,
showing 2.94% THD.

troller against variations in the load-side inductance, three different inductance
values were tested: 350 pH, 550 pH (nominal), and 1 mH. The corresponding
output voltage waveforms and harmonic distortion measurements are shown in
Figs. 4.8-4.10. The detailed harmonic analysis, covering the first to the seventh
harmonics, was obtained from the hardware prototype using the ” Power Analy-
sis Tool” of the KEYSIGHT MSOX6004A oscilloscope. These results highlight
the controller’s capability to maintain acceptable output voltage quality and
low harmonic distortion despite significant plant uncertainties.

Fig. 4.8 presents the experimental results for L;, = 350 uH, where the total
harmonic distortion (THD) is measured to be 1.96%. This result demonstrates
excellent voltage quality even when the inductance is smaller than the nominal
value, reflecting the fast dynamic response enabled by the controller.

In the nominal case shown in Fig. 4.9, with L;, = 550 puH, the THD
slightly increases to 2.20%, remaining well within the acceptable Class A limits.
This confirms the controller’s baseline performance and optimal design under

nominal parameters.
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As the inductance is further increased to L;, = 1 mH, the results in
Fig. 4.10 show a THD of 2.94%. Although the harmonic content increases
slightly due to slower current dynamics associated with higher inductance,

the output voltage remains sinusoidal and the THD still satisfies international

standards.
Notably, all measured THD values comply with the Class A requirements
specified in IEC 61000-3-2:2018 [92], which limits harmonic current emissions
for equipment with input current < 16 A per phase. This compliance fur-

ther affirms the suitability of the designed AC-GFM controller for practical

applications with varying load-side conditions.
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Figure 4.11: Experimental validation of dg reference tracking performance.

to

The d- and g¢-axis voltage references are changed from (1.0,0.0)p.u.

(0.8,0.6) p.u..
To demonstrate the effectiveness of the designed robust AC-GFM controller
in tracking time-varying dg-frame voltage references and its impact on active
power injection, Fig. 4.11 shows the experimental waveforms of the load volt-
age, load current, and the applied d- and ¢-axis reference setpoints. Initially,
the voltage reference is set to vyefq = 1.0 p.u. and v, = 0.0 p.u., correspond-
159



ing to the conventional scenario where the output voltage is fully aligned with
the d-axis. At this operating point, the system injects approximately 1 kW of
active power into the grid with negligible reactive power, as evidenced by the
high power factor.

At t = 2.6 s, the voltage reference is changed to v,.;q = 0.8 p.u. and
Uref,g = 0.6 p.u.. Despite the change in phase and magnitude of the voltage
reference, the controller successfully regulates the output voltage to follow the
new dq setpoints, as shown by the transitions in the yellow and green channels.
Importantly, the load current remains sinusoidal, confirming that the converter
continues to supply a clean output waveform.

As expected, the active power measured on the oscilloscope decreases to
~ 800 W due to the reduction in the d-axis voltage component. This validates
the theoretical prediction that active power is directly proportional to v; when
the current vector remains aligned with the d-axis. The system maintains
stable operation and high voltage quality despite the change in power setpoints,
confirming the capability of the designed controller in dynamically regulating
voltage vectors under varying operating conditions.

To further evaluate the effectiveness of the designed robust AC-GFM con-
troller under varying load conditions, Fig. 4.12 and Fig. 4.13 present experi-
mental results for two different power levels: 750 W and 850 W. These tests
were conducted to assess the controller’s ability to maintain voltage regulation
and waveform quality against different load power demand by changing the
load value.

Fig. 4.12 illustrates the output voltage and current waveforms when the
load draws approximately 750 W. The load current remains sinusoidal and
well-aligned with the output voltage , resulting in a high power factor of 0.990.
The RMS output voltage is measured to be 120.32 V, indicating tight voltage
regulation despite the moderate load.

In Fig. 4.13, the load is increased to approximately 850 W. Despite the
higher power transfer, the AC-GFM controller continues to regulate the voltage
effectively, maintaining an RMS output voltage of 120.59 V. The power factor

remains high at 0.962, and the current waveform continues to exhibit low
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distortion and proper phase alignment with the voltage.

These results confirm that the designed robust controller ensures stable
operation and consistent voltage regulation across different load levels. The
controller dynamically adjusts the internal voltage generation to meet vary-
ing power demands while preserving output waveform quality and minimizing

phase shift, validating its suitability for real-world Vehicle-to-Home (V2H)

applications.
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Figure 4.12: Experimental load voltage and current waveforms at 750 W load.

To validate the transient performance and robustness of the designed AC-
GFM controller under dynamic loading conditions, Fig. 4.14 presents the ex-
perimental results where the load was suddenly changed during operation.
The waveforms display the load voltage v, and current ¢; responses during
the disturbance event. Initially, the system is operating under steady-state
conditions with a constant load. Then, the load is abruptly changed, which
introduces a step disturbance in the system’s power demand.

As shown in the figure, the controller responds promptly to the load change,

effectively regulating the output voltage. Despite the transient disturbance,
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Figure 4.13: Experimental load voltage and current waveforms at 850 W load.
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Figure 4.14: Experimental dynamic response under load change.

the RMS output voltage remains tightly controlled at approximately 120.79 V
with no significant overshoot or undershoot. The voltage waveform maintains
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sinusoidal shape throughout the event, and the recovery to steady state occurs
within approximately 1.5 cycles (i.e., ~ 25 ms), indicating fast settling time.
Furthermore, the measured power factor of 0.984 and the active power of
906 W confirm that the controller successfully regulated the load voltage at its
reference value. These results demonstrate the disturbance rejection, stability,
and voltage regulation performance of the designed robust H..-based controller

in practical V2H scenarios involving load changes.

4.5 Chapter Summary

This chapter presented the development and experimental validation of a ro-
bust GFM control strategy for bidirectional single-phase AC/DC converters in
EV applications. The designed control framework enables stable operation of
the converter under weak-grid and islanded conditions, transforming the EV
charger into an active voltage and frequency source suitable for V2G and V2H
scenarios.

To address the challenges associated with uncertain grid parameters and
load disturbances, a polytopic state-space model of the bidirectional converter
was developed to capture system variability. An H., controller was then syn-
thesized using LMIs to guarantee robust stability and performance across a
range of operating conditions. Integral augmentation was incorporated into
the controller design to eliminate steady-state errors in voltage and frequency
tracking.

The designed GFM controller was implemented in a hardware testbed and
evaluated under various dynamic loading and grid disturbance scenarios. Ex-
perimental results confirmed the controller’s ability to maintain voltage and
frequency regulation, suppress THD, and ensure fast dynamic response. These
findings validate the practicality and reliability of the control approach for
grid-supportive EV charging applications.

By enabling resilient, autonomous operation and enhancing grid interac-
tivity, the designed GFM control strategy represents a significant step toward

the realization of intelligent, bidirectional, and capacitor-less EV chargers that
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can actively participate in modern smart grid infrastructures.

164



Chapter 5

Conclusion and Future Work

This dissertation explored the design, control, and experimental validation of
advanced single-phase AC/DC power converters for EV charging systems, with
emphasis on eliminating electrolytic capacitors, enabling bidirectional opera-
tion, and ensuring robust grid interactivity. Motivated by the growing need
for compact, efficient, and reliable on-board chargers, the work proposed inno-
vative converter architectures and control strategies to address key challenges
related to power factor correction, voltage ripple suppression, soft-switching,
and operation under uncertain grid conditions.

The research was structured into three core areas: the development of a
unidirectional bridgeless converter topology with minimal storage capacitance;
the extension of this topology to a bidirectional, grid-interactive architecture;
and the implementation of a robust H., grid-forming control strategy suit-
able for islanded environments. All proposed solutions were validated through
hardware prototypes and experimental testing, demonstrating the feasibility
of high-performance, electrolytic capacitor-less EV chargers that meet modern

efficiency and reliability requirements.

5.1 Contributions

e Unidirectional Converter Design: Developed a bridgeless, stacked-
switch AC/DC converter operating in DCM with high power factor and
low THD. A variable-frequency control system and ripple reduction strat-

egy enabled elimination of electrolytic capacitors, validated on a 1.1 kW
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prototype.

e Bidirectional Capacitor-Less Architecture: Proposed a bidirec-
tional converter with dual-stacked switches and a CLLC resonant stage
for galvanic isolation and soft-switching. Integrated dg-based PFC and
active ripple reduction control for G2V /V2G operation, verified through

hardware testing.

e Robust Grid-Forming Control: Designed an H.-based controller
using LMIs for stable and robust voltage regulation under uncertain and
islanded conditions. The controller demonstrated low THD and fast

dynamic response in V2H scenarios.

e Electrolytic-Capacitor Elimination Strategy: Across all designs,
demonstrated the feasibility of using closed-loop ripple mitigation to
eliminate bulky capacitors without compromising performance, improv-

ing reliability and system lifetime.

e Hardware Validation: All proposed converter topologies and control
schemes were validated using laboratory-scale prototypes, confirming

their effectiveness under practical operating conditions.

5.2 Future Work

e Three-Phase Topologies: The proposed converter architectures and
ripple reduction strategies can be extended to three-phase systems, which
are more suitable for high-power EV charging infrastructure. This would
offer benefits such as improved power scalability, reduced per-phase rip-

ple, and better thermal and electromagnetic performance.

¢ Renewable Integration: Integrating the proposed bidirectional con-
verters with renewable sources such as photovoltaic (PV) or wind systems
can enable smart, decentralized energy management for homes and mi-
crogrids. This could position EVs as active energy assets, contributing

to load balancing and renewable smoothing.
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e Battery-Aware Control: Future control strategies could incorporate
real-time battery models to better manage charging profiles based on pa-
rameters like state-of-charge, internal resistance, and aging. This would
enhance battery safety, prolong battery lifespan, and improve overall

system efficiency.

e Modular Design: Developing modular and interleaved converter units
could allow flexible scaling for commercial EV fleets, DC microgrids,
or fast-charging stations. Such designs would also support redundancy,

fault tolerance, and parallel operation for improved system robustness.

In summary, this research establishes a robust foundation for the next gen-
eration of compact, high-efficiency, grid-interactive EV chargers with strong
potential for real-world deployment in sustainable transportation and smart

energy systems.
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Appendix B

Printed Circuit Board (PCB)
Layouts

Figure B.1: PCB layout of the proposed AC/DC bidirectional converter.
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Figure B.2: 3-D view of the PCB layout of the proposed AC/DC bidirectional
converter.
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Figure B.3: PCB layout of the measurement board designed for the proposed
AC/DC bidirectional converter.
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Figure B.4: 3-D view of the PCB layout of the measurement board designed
for the proposed AC/DC bidirectional converter.
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Appendix C
PSIM Schematics
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Figure C.1: Diagram of a proposed unidirectional AC/DC converter topology
and its control blocks from PSIM.
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Figure C.2: Diagram of a proposed bidirectional AC/DC converter topology
in AC to DC mode and its control blocks from PSIM.
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Figure C.3: Diagram of a proposed bidirectional AC/DC converter topology
in DC to AC mode and its control blocks from PSIM.
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Figure C.4: Diagram of a proposed bidirectional AC/DC converter topology
in DC to AC mode and the developed AC-GFM control block from PSIM.
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