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ABSTRACT

Design, Control, and Optimization of Unfolding-Based AC-DC Topologies with

Three-Port Resonant Converters for

Electric Vehicle Battery Charging Applications

by

Aditya Zade, Doctor of Philosophy

Utah State University, 2025

Major Professor: Regan Zane, Ph.D.
Department: Electrical and Computer Engineering

The global push to reduce greenhouse gas emissions and dependence on fossil fuels

has made electric mobility a key strategy for a sustainable future. This transition drives

demand for efficient grid-tied ac-dc converters, which are essential for EV charging as well

as for integrating renewable sources such as solar, fuel cells, and battery storage into the

grid. Given the high power demands, converters must operate efficiently, reliably, and cost-

effectively. Conventional high-power chargers typically use a two-stage architecture with

an AFE PFC stage followed by a dc-dc stage. While effective, this approach reduces power

density and increases switching losses. To address these challenges, single-stage converters

are being explored for both conductive charging and WPT applications.

The first part of this thesis examines a single-stage topology employing a 3-ϕ 480 V

Unfolder with a T-type bridge-based three-port dc-dc converter to achieve efficient EV

battery charging over the 649–755 V range. This configuration enables simultaneous PFC

and output power regulation, allowing efficient ac-dc conversion within a single stage. The

topology is proposed for WPT charging infrastructure for heavy-duty EVs and is realized

using a modular 21 kW building block. The performance of the charger is further optimized
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by: (i) introducing a PWM technique that enhances ZVS of the T-type bridge to minimize

switching losses, resulting in 96.51% ac-dc efficiency and reducing radiated EMI by 6 dB;

(ii) improving grid current quality and reducing THD; and (iii) increasing control bandwidth

without passive damping to improve system performance. Furthermore, accurate small-

signal modeling of the 85 kHz HF T-type bridge-based dc-dc converter is carried out to

enhance controllability.

Secondly, this research addresses the limited energy generation capacity amid the rapid

expansion of EV charging. A multiport unfolding-based system is proposed to integrate

battery storage and renewable energy with the grid for EV charging over the 200–800 V

range. A 5 kW prototype with a multi-winding transformer and a 100 kHz HF TAB-based

converter achieves 98.3% peak efficiency. A paralleling approach is proposed to scale the

system to 10 kW, demonstrating its practicality for high-power EV charging.

(316 pages)
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PUBLIC ABSTRACT

Design, Control, and Optimization of Unfolding-Based AC-DC Topologies with

Three-Port Resonant Converters for

Electric Vehicle Battery Charging Applications

Aditya Zade

The global effort to reduce greenhouse gas emissions and reliance on fossil fuels has

made electric mobility a cornerstone of sustainable transportation. This transition is driving

demand for advanced charging infrastructure and more efficient power conversion systems.

Power converters play a central role, not only in enabling reliable EV charging but also in

integrating renewable energy sources with the grid. Because of the large amount of power

involved, these converters must operate efficiently, reliably, and at low cost. Conventional

high-power chargers often use two stages of conversion, which are effective but limited by

size and energy losses. To overcome these challenges, there is growing interest in single-

stage converters that can handle EV charging and grid integration in a more compact and

efficient way.

The first part of this research develops an efficient converter designed for wireless EV

charging that performs grid interfacing and battery charging in a single stage. The system

improves efficiency, enhances grid power quality, enables stable operation, and does not re-

quire large passive components. Advanced control and modulation methods are introduced

to strengthen the soft-switching performance of the converter, while modeling approaches

are developed to support accurate control and reliable operation.

The second part of this work addresses the challenge of limited energy generation

capacity as EV adoption grows. A multiport converter system is proposed that allows

renewable energy and battery storage to be integrated directly with the grid and charging

infrastructure. This system improves energy management, supports grid stability, and
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demonstrates scalability for higher-power charging. Together, these innovations support

the development of faster, more compact, efficient, and reliable EV charging solutions.
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Wang, Dr. Jonathan Phillips, and Dr. Nicholas Roberts. Their valuable time, thoughtful

feedback, and constructive suggestions have greatly enriched this dissertation and strength-

ened my research. I would also like to thank Dr. Abhilash Kamineni for his guidance and

encouragement during my doctoral work.

I am grateful to Bryce Hesterman and Chakridhar for their invaluable help in the lab-

oratory, their technical discussions, and their encouragement during hardware development

and testing. I also extend my thanks to Mahmoud, Rees, Reebal, Matt, and Ryan for

the many discussions and support that shaped the direction of my work. I appreciate the

assistance of the ASPIRE administrative team including Dustin, Andy, Angie, Samantha,

Melanie, and Nicole. I am grateful to Wendy for arranging gatherings that made me feel

more connected and at home within the ASPIRE community.

To my lab mates, including Mayank, Sanat, Asif, Jyotirmoy, Marium, Moneeba, Dakota,

Mckay, Tucker, Conner, Josh, Luke, Forrest, Jaron, Brian, Paul, Jackson, Abdullah, Azmeer,

Ramish, and Haris, I am sincerely grateful for the support, collaboration, and encourage-

ment that made this journey more meaningful. I am especially grateful to Shubhangi, whose

encouragement, patience, belief in me, and valuable technical discussions gave me strength

during the most challenging times and made the good moments more meaningful.

I am deeply grateful to my parents, Pushpa Zade and Pradip Zade, my sister Arundhati

Karemore, my brother-in-law Pankaj Karemore, and their children Shreyash and Aparajita

for their unconditional love, sacrifices, and constant belief in me. Their support has been

my greatest source of strength.



ix

This work was supported by the National Science Foundation (NSF), the U.S. Depart-

ment of Energy (DOE), Utah State University, and the ASPIRE Research Center, whose

contributions made this research possible.

Aditya Zade



x

CONTENTS

Page

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii

PUBLIC ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v

ACKNOWLEDGMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiii

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xv

ACRONYMS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .xxxvii

1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

2 DESIGN AND OPERATION OF AN UNFOLDING-BASED AC-DC TOPOLOGY 10
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.2 Circuit Configuration and Operation of the Proposed AC-DC Converter . . 11
2.3 Center-Aligned Modulation Strategy for the T-type Bridge . . . . . . . . . 15
2.4 ZVS Operation and Motivation for the Modular T-type Architecture . . . . 21
2.5 Modeling and Control of the T-type Bridge-Based Soft-DC to DC System . 25
2.6 Design Guidelines and Analytical Loss Calculation . . . . . . . . . . . . . . 29

2.6.1 Soft DC-Link Capacitor Design . . . . . . . . . . . . . . . . . . . . . 29
2.6.2 Resonant Tank Design . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.6.3 Output Capacitor Design . . . . . . . . . . . . . . . . . . . . . . . . 33
2.6.4 Analytical Loss Calculation . . . . . . . . . . . . . . . . . . . . . . . 33

2.7 Experimental Validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.7.1 Hardware Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
2.7.2 Analysis and Mitigation of the Incorrect Switching Pattern for dp = dn 46
2.7.3 Comparison with the Conventional Two-Stage Topology . . . . . . . 50

2.8 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3 MODULATION, CONTROL, AND TANK DESIGN FOR ZVS OF THE T-TYPE
BRIDGE IN AN UNFOLDING-BASED TOPOLOGY . . . . . . . . . . . . . . . . . . . . . . . 54

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.2 Overview of the Circuit Configuration and Operation of the Unfolding-Based

Converter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
3.3 Proposed Leading-Edge-Aligned Modulation for the T-Type Bridge . . . . . 61
3.4 Modeling and Control of the T-Type Bridge-Based DC-DC Converter . . . 67
3.5 Selection of Tank Components . . . . . . . . . . . . . . . . . . . . . . . . . 74

3.5.1 ZVS Analysis of the T-Type Bridge Considering Nonlinear MOSFET
Output Capacitance . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

3.5.2 Conduction Loss Analysis of the T-Type Bridge . . . . . . . . . . . 84



xi

3.5.3 Optimized Selection of the Capacitor Cps . . . . . . . . . . . . . . . 85
3.6 Experimental Validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

3.6.1 Steady-State Operation . . . . . . . . . . . . . . . . . . . . . . . . . 90
3.6.2 Transient Responses . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
3.6.3 Comparison of Leading-Edge-Aligned and Center-Aligned Modula-

tion Strategies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
3.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

4 GRID CURRENT IMPROVEMENT & HIGH-BANDWIDTH CONTROL USING
CURRENT EMULATION-BASED ACTIVE DAMPING . . . . . . . . . . . . . . . . . . . . . 101

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
4.2 Analysis and Mitigation of Sector Transition Distortions for Unfolding-Based

AC-DC Converters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
4.2.1 Analysis of Current Distortions at Sector Boundaries . . . . . . . . . 104
4.2.2 Mitigation of Current Distortions . . . . . . . . . . . . . . . . . . . . 109
4.2.3 Simulation Results and Experimental Validation . . . . . . . . . . . 112

4.3 High-Bandwidth Control of Unfolding-Based AC-DC Converters . . . . . . 118
4.3.1 Review of Extra Element Theorem . . . . . . . . . . . . . . . . . . . 118
4.3.2 Plant Transfer Function and EET Parameters of the T-type Bridge-

Based DC-DC Converter . . . . . . . . . . . . . . . . . . . . . . . . . 120
4.3.3 Effect of LC Resonance on Closed-Loop Control of the T-type Bridge-

Based DC-DC Conversion System . . . . . . . . . . . . . . . . . . . 129
4.3.4 Active Damping Using Current Emulation Technique . . . . . . . . . 132
4.3.5 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
4.3.6 Experimental Validation . . . . . . . . . . . . . . . . . . . . . . . . . 141

4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

5 PHASOR MODELING OF A T-TYPE BRIDGE-BASED DC-DC CONVERTER . 152
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152
5.2 Notation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
5.3 Secondary-Side Diode-Bridge Rectifier in the Small-Signal Domain . . . . . 153

5.3.1 Resistive Load . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155
5.3.2 Battery Load . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

5.4 Brief Overview of Circuit Configuration, Modulation Strategy, and Closed-
Loop Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

5.5 Derivation of the Phasor Transformer . . . . . . . . . . . . . . . . . . . . . 160
5.6 Small Signal Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

5.6.1 Single-Sided LCC Tank . . . . . . . . . . . . . . . . . . . . . . . . . 165
5.6.2 Double-Sided LCC Tank . . . . . . . . . . . . . . . . . . . . . . . . 171

5.7 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174
5.8 Experimental Validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175
5.9 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182

6 DESIGN AND OPERATION OF UNFOLDING-BASED MULTIPORT SYSTEM
WITH A TAB-BASED RESONANT CONVERTER . . . . . . . . . . . . . . . . . . . . . . . . . 186

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186
6.2 Brief Overview of the Proposed Multiport System . . . . . . . . . . . . . . 191



xii

6.3 Operation and Design of the Unfolder and Current Injection Circuit . . . . 193
6.3.1 Operation of the Unfolder and Current Injection Circuit . . . . . . . 193
6.3.2 Design of the Unfolder and Current Injection Circuit . . . . . . . . . 197

6.4 Design of the TAB-Based Three-Port DC-DC Converter . . . . . . . . . . . 200
6.4.1 Analysis of the Power Flow . . . . . . . . . . . . . . . . . . . . . . . 200
6.4.2 Analytical Tank Currents Over the Switching Period . . . . . . . . . 205
6.4.3 H-Bridge Voltages and Tank Currents During Switching Transitions 208
6.4.4 Optimized Selection of the Tank Components . . . . . . . . . . . . . 211

6.5 Control and Modeling of the Multiport System . . . . . . . . . . . . . . . . 217
6.6 Three-Winding Transformer Design . . . . . . . . . . . . . . . . . . . . . . . 222
6.7 Selection of DC-link Capacitors . . . . . . . . . . . . . . . . . . . . . . . . . 228

6.7.1 Cpo, Con, and Cpn . . . . . . . . . . . . . . . . . . . . . . . . . . . . 228
6.7.2 Cpv and Cev . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229

6.8 Scalability of the Proposed Topology . . . . . . . . . . . . . . . . . . . . . . 229
6.9 Experimental Validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 231

6.9.1 Operation with PV Port Supplying 5 kW . . . . . . . . . . . . . . . 235
6.9.2 Operation with PV Port Supplying Less Than 5 kW . . . . . . . . . 238
6.9.3 Efficiency and THD Measurements . . . . . . . . . . . . . . . . . . . 238
6.9.4 Transient Responses . . . . . . . . . . . . . . . . . . . . . . . . . . . 242
6.9.5 TAB Validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 243
6.9.6 Scalability Verification at 10 kW . . . . . . . . . . . . . . . . . . . . 249
6.9.7 Summary of Experimental Results and Comparison with Prior Work 249

6.10 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 254

7 CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 256

APPENDIX . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 262
A Voltage and Current Sensing Circuits for High-Bandwidth Control . . . . . 263

CURRICULUM VITAE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 265

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 269



xiii

LIST OF TABLES

Table Page

1.1 Comparison between the proposed unfolding-based single-stage and conven-
tional two-stage topologies (Vgm - peak line-line grid voltage, Pout - output
power, and ωg - angular grid frequency). . . . . . . . . . . . . . . . . . . . . 3

1.2 Loss comparison between the proposed single-stage and conventional two-
stage topologies (Pout - output power). . . . . . . . . . . . . . . . . . . . . . 4

1.3 Performance comparison of the proposed 3-ϕ grid-tied multiport converter
with prior 3-ϕ grid-tied multiport converters. . . . . . . . . . . . . . . . . . 7

2.1 Calculation of dp and dn for sectors 1 and 2 (analysis of the other sectors can
be conducted through a similar procedure). . . . . . . . . . . . . . . . . . . 20

2.2 Nature of the switching of the T-type converter MOSFETs when dp > dn. . 24

2.3 Nature of the switching of the T-type converter MOSFETs when dp < dn. . 24

2.4 Hardware parameters of the ac-dc conversion system with a single T-type
converter module. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

2.5 List of components employed in the prototype. . . . . . . . . . . . . . . . . 37

2.6 Comparison between the proposed unfolding-based single-stage and conven-
tional two-stage topologies (Vgm - peak line-line grid voltage, Pout - output
power, and ωg - angular grid frequency). . . . . . . . . . . . . . . . . . . . . 51

2.7 Loss comparison between the proposed single-stage and conventional two-
stage topologies (Pout - output power). . . . . . . . . . . . . . . . . . . . . . 52

3.1 Values of fp and fn used to calculate dp and dn for different ac-voltage sectors. 65

3.2 Coss charging and discharging during transitions I and II. . . . . . . . . . . 77

3.3 Analytical RMS currents of the T-type bridge. . . . . . . . . . . . . . . . . 84

3.4 Hardware parameters of the unfolding-based ac-dc converter. . . . . . . . . 88

4.1 Current distortion magnitude obtained from the simulation of the system for
different parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108



xiv

4.2 Simulation and hardware parameters of the grid-tied EV-battery charger
system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

4.3 Values of fp and fn used to calculate dp and dn for different ac-voltage sectors.136

4.4 Hardware parameters of the unfolding-based ac-dc converter. . . . . . . . . 138

4.5 PI controller (GPI) parameters for various closed-loop bandwidth levels. . . 138

5.1 Simulation parameters for the T-type bridge-based dc-dc conversion system
with a double-sided LCC tank. . . . . . . . . . . . . . . . . . . . . . . . . . 174

5.2 Experimental parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175

6.1 Analytical tank currents referenced to the PV side. . . . . . . . . . . . . . . 206

6.2 PI controller parameters for various closed-loop controls. . . . . . . . . . . . 222

6.3 Fabricated three-winding transformer parameters. . . . . . . . . . . . . . . . 225

6.4 Hardware parameters of the multiport system. . . . . . . . . . . . . . . . . 233

6.5 Summary of experimental results: 5 kW ac-dc multiport hardware tests and
10 kW hardware scalability tests (grid voltages: 480 V (l-l); PV port voltage:
500 V). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 252

6.6 Performance comparison of the proposed 3-ϕ grid-tied multiport converter
with prior 3-ϕ grid-tied multiport converters. . . . . . . . . . . . . . . . . . 253



xv

LIST OF FIGURES

Figure Page

1.1 Architecture of (a) a two-stage topology; and (b) a single-stage topology. . . 2

1.2 Energy generation sources in the USA in 2023 (source: EIA). . . . . . . . . 6

1.3 Conceptual image of the integration of battery storage/renewable energy gen-
eration with the grid for EV charging infrastructure (source: Mobility Outlook). 6

2.1 The circuit configuration of a buck-type PFC 3-ϕ Unfolder followed by a
generalized soft-dc to dc converter. . . . . . . . . . . . . . . . . . . . . . . . 11

2.2 (a) Unfolder input ac voltages are converted to pulsating soft dc-link voltages,
vpo and von, (b) sinusoidal grid currents are shaped piece-wise by ip and in,
(c) pulsating two ports powers Pp and Pn combined to give a constant overall
output power Ppn, and (d) switching sequence of the Unfolder devices in
accordance with ac voltage sectors. . . . . . . . . . . . . . . . . . . . . . . . 12

2.3 Circuit schematic and control architecture of the PFC and output power
regulation of an Unfolder with a T-type converter-based soft-dc to dc system. 14

2.4 Switching patterns of the T-type converter when dp is greater than dn. The
modulation technique used aligns the two quasi-square voltages generated
with respect to dp and dn in a symmetrical manner around the center. The
5-level T-type output voltage consists of a fundamental component, vxy1, and
a sinusoidal lagging current, ix, is generated using an LCC network-based
resonant tank. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.5 Switching patterns of the T-type converter when dp is less than dn. The
modulation technique used aligns the two quasi-square voltages generated
with respect to dp and dn in a symmetrical manner around the center. The
5-level T-type output voltage consists of a fundamental component, vxy1, and
a sinusoidal lagging current, ix, is generated using an LCC network-based
resonant tank. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.6 Analytical vxy and ix with (a) dp = 0.9 and dn = 0.43 which leads to more ZVS
transitions of MOSFETs including the first and third leading edge transitions
as the value of dp is higher and closer to unity, (b) dp = 0.69 and dn =
0.64 which leads to hard-switched leading edges as both the duties are much
smaller than unity. Trailing edge transitions in both cases always have ZVS.
Higher magnitudes of dp or dn are favorable for soft-switching. . . . . . . . 22

https://www.eia.gov/
https://www.mobilityoutlook.com/


xvi

2.7 Various duty ratios, dp or dn, are indicated in green, representing the val-
ues at which the first and third leading edge transitions undergo ZVS of the
MOSFETs. As the modulation index, Mi, increases at a specific phase shift
between vxy1 and ix, ψ, ZVS is possible for more values of duty ratios. Con-
sequently, an increase in the modulation index directly correlates to a greater
extent of soft-switching. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.8 Variation of dp and dn with different steady-state modulation indices. . . . 23

2.9 A simplified closed-loop control architecture to regulate battery current (ibatt)
by controlling the modulation index (mi). A PI controller (Gc) is used
and a feed-forward term Mi-ff is introduced to improve the speed of re-
sponse. Moreover, the plant’s transfer function (Gp) is derived using phasor
transformation-based modeling. . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.10 Phasor-transformed stationary circuit for the T-type converter-based soft-dc
to dc system with an LCC resonant network, secondary diode bridge rectifier,
and output capacitive filter connected to the battery. . . . . . . . . . . . . . 26

2.11 Comparison of the bode plots of the T-type converter-based soft-dc to dc sys-
tem’s plant (Gp) obtained from the phasor transformation-based small-signal
modeling and MATLAB/PLECS multitone analysis tool-based simulation. . 27

2.12 Simulation result of the battery current superimposed upon the envelope
predicted by the small-signal model under the step change in modulation
index from 0.95 to 1 at time = 0.05 msec. . . . . . . . . . . . . . . . . . . . 28

2.13 Uncompensated and compensated bode plots of the T-type converter-based
soft-dc to dc system’s plant (Gp). The closed-loop bandwidth is set to 100 Hz
with the help of a PI controller (Gc) with Kp = 0.001 and Ki = 20.7. Phase
margin of 91.4◦ is obtained. . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.14 Nyquist plot of the open loop transfer function (GcGp) of the T-type converter-
based soft-dc to dc system. With no poles of the open loop transfer function
on the right half-plane, the Nyquist plot not encircling (-1, j0) point shows
a stable controller design. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.15 (a) 21 kW hardware prototype of an ac-dc conversion system with a sin-
gle T-type converter module, (b) a circuit board comprising of three T-type
converter modules each rated for 21 kW output power with the dimensions
of 26.2 in (L) × 13.2 in (W) × 4.5 in (H) (including the cold plate), and
(c) hardware verification of the modular configuration with six T-type con-
verter modules connected in parallel feeding 21 kW of output power to the
battery. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38



xvii

2.16 Experimental results showing (a) grid voltages, currents, and soft dc-link
voltages and (b) a higher grid current THD of 3.86% measured with Yoko-
gawa WT1806E power analyzer at 21 kW of output power caused by the
presence of periodic distortions in the grid currents. An ac-dc efficiency of
95.95% is achieved. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

2.17 Experimental results showing (a) grid voltages, improved currents, and pul-
sating soft dc-link voltages and (b) a lower grid current THD of 1.27% mea-
sured with the power analyzer at 21 kW of output power attributed to the
application of control-based current distortion mitigation logic. An ac-dc
efficiency of 95.94% is achieved. . . . . . . . . . . . . . . . . . . . . . . . . . 41

2.18 Experimental results of the T-type converter’s output voltage and battery
current at 21 kW of output power. The output voltage has a six-pulse wave-
form, but the magnitude of its fundamental is maintained by controlling the
duty ratios of the converter. This ensures that the battery current is regu-
lated as shown. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

2.19 The variation in the grid current THD is measured experimentally at different
output power levels using a single T-type converter module. A minimum
THD of 1.27% is observed at a rated power of 21 kW. . . . . . . . . . . . . 42

2.20 An experimental step change in the load is given from 17.5 kW to 21 kW
(20% rise) by changing the battery current (ibatt) from 24 A to 28.6 A. The
controller exhibits its capability to accurately track the battery current, high-
lighting its proficiency in effectively managing transient load variations. . . 43

2.21 Experimental results upon subjecting the grid voltage (vān̄) to a step change
of 10.8% from 250 V to 277 V. The controller maintains the battery current
(ibatt) while ensuring an acceptable response time. . . . . . . . . . . . . . . 43

2.22 A detailed view of the T-type converter’s experimental output voltage and
current at two operating conditions. (a) At the first condition, dp is much
higher than dn, which facilitates ZVS of the MOSFETs during the first and
third leading edges. A similar phenomenon can be observed when dn is
much higher than dp. (b) At the second operating condition, dp equals dn,
resulting in a three-level waveform with hard-switched leading edges. The
trailing edges in both operating conditions always exhibit ZVS. . . . . . . . 44

2.23 The loss distribution of the ac-dc conversion system with a single T-type
converter module. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

2.24 Analytical and experimental power losses of the T-type converter. . . . . . 45

2.25 An efficiency curve for the ac-dc conversion system using a single T-type
converter module is obtained through experimentation. A peak efficiency of
95.94% is achieved at 21 kW of output power. . . . . . . . . . . . . . . . . . 45



xviii

2.26 Experimental results showing (a) grid voltages, currents, soft dc-link voltages,
and battery current when six T-type converter modules are tested together in
a parallel configuration and (b) T-type output voltages and currents sharing
approximately equal power of 3.5 kW each. . . . . . . . . . . . . . . . . . . 46

2.27 Paralleling testing results with a grid current THD of 4.1% measured using
Yokogawa WT1806E power analyzer. An ac-dc efficiency of 94% is achieved.
To limit the output power to 21 kW, testing is done with a lower 330 V grid
voltage (line-line) and 400 V battery voltage. . . . . . . . . . . . . . . . . . 47

2.28 Switching patterns of the T-type converter’s MOSFET pair Sy1 and S+y3 when
dp is equal to dn. Incorrect switching pattern during the transition from
dp > dn to dp < dn when the carrier is aligned in such a way that its zero
crossing occurs at t = 0 which leads to inaccurate voltage vxy. . . . . . . . . 48

2.29 Switching patterns of the T-type converter’s MOSFET pair Sy1 and S+y3 when
dp is equal to dn. Correct switching pattern during the transition from dp >
dn to dp < dn when the carrier is aligned such that its zero crossing is lagging
by 90◦, occurring at t = Ts/4. . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.1 Circuit schematic of the unfolding-based ac-dc system with a T-type primary
bridge-based dc-dc converter, consisting of an LCC resonant tank and a
secondary-side diode bridge rectifier connected to an EV battery load. . . . 55

3.2 T-type bridge output voltage, vxy, and current, ix, when controlled using
(a) center-aligned modulation and (b) leading-edge-aligned modulation. . . 56

3.3 (a) 3-ϕ ac input voltages are converted to pulsating dc-link voltages, vpo and
von, by the Unfolder; (b) sinusoidal grid currents are shaped piece-wise by
controlling the p-port and n-port output currents of the Unfolder, ip and in;
and (c) switching sequence of the Unfolder devices is determined based on
the ac voltage sectors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.4 Switching pattern of the T-type bridge when dp > dn. The proposed leading-
edge-aligned modulation strategy closely aligns the leading edges of the two
quasi-square voltages, generated with respect to dp and dn, with an intention-
ally introduced time delay, Tstg. The five-level T-type bridge output voltage
contains a fundamental component, vxy1. Moreover, a near-sinusoidal lagging
tank current, ix, is obtained. . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.5 Switching pattern of the T-type bridge when dp < dn. The proposed leading-
edge-aligned modulation strategy closely aligns the leading edges of the two
quasi-square voltages, generated with respect to dp and dn, with an intention-
ally introduced time delay, Tstg. The five-level T-type bridge output voltage
contains a fundamental component, vxy1. Moreover, a near-sinusoidal lagging
tank current, ix, is obtained. . . . . . . . . . . . . . . . . . . . . . . . . . . . 62



xix

3.6 Phasor diagram of the fundamental T-type bridge output voltage, vxy1, and
its components: vxypo1 and vxyon1. The output tank current phasor, ix, lags
behind vxy1 by an angle ψ, determined by the tank design. The figure illus-
trates the phasor diagram for two cases: (a) dp > dn and (b) dp < dn. . . . 63

3.7 Contour of various phasors over the grid cycle for (a) dp > dn and (b) dp < dn,
including the fundamental voltage phasor vxy1 and its components: vxypo1 and
vxyon1. The tank current phasor, ix, consistently lags behind vxy1 by an angle
ψ. The peak of vxy1 is maintained constant throughout the grid cycle for a
given output power. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.8 (a) Modulation indices, mp and mn, and (b) duty ratios, dp and dn, over the
grid cycle, considering α ≈ 0 and operation at rated output power. . . . . . 67

3.9 (a) The proposed control architecture for leading-edge-aligned modulation,
consisting of an outer loop for output power regulation and two inner loops to
shape the grid currents sinusoidal for PFC; (b) simplified control architecture
of the outer loop to regulate output power by controlling the battery load
current, ibatt; and (c) simplified control architecture of the p-port inner loop
to shape the grid currents sinusoidal by controlling the current ip. Since the
relationship between mp and dp is nonlinear, a small-signal linearization of
this relationship, as provided in (3.26), is necessary to calculate the loop gain
of the inner p-port control loop. A similar simplified control architecture can
be derived for the n-port inner loop, which controls the current in. . . . . . 68

3.10 Bode plots of the uncompensated outer-loop plant, Gouter, and the compen-
sated plant with the PI controller, GL-outer. A closed-loop bandwidth of 10 Hz
is selected for the outer loop, and the corresponding PI controller parameters
are Kp-PI = 0, Ki-PI = 76.4. . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.11 Phasor-transformed small-signal circuit of the T-type bridge-based dc-dc con-
verter, incorporating an LCC resonant tank with cantilever-modeled isola-
tion, a secondary-side diode bridge, and an output capacitive filter. The net
series resistance of the battery is considered in the small-signal domain. . . 71

3.12 Comparison of the Bode plots of the p-port inner-loop plant, Ginner-p-port =
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bridge-based dc-dc conversion system, obtained from the complete higher-
order and simplified phasor transformation-based small-signal modeling. It
can be observed that the simplified modeling closely preserves the magni-
tude and phase of the plant transfer function up to 10 kHz. Since the LC
resonant frequency typically resides below this value, the simplified phasor
transformation-based modeling provides a valuable tool for analysis. . . . . 124

4.23 Comparison of Bode plots of the plant (Gplant-p-port = îp/d̂p) of the T-type
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CHAPTER 1

INTRODUCTION

The global drive to reduce greenhouse gas emissions and decrease dependence on fossil

fuels has positioned electric mobility as a key strategy for achieving a sustainable future [1,2].

This transition has intensified the demand for advanced grid-connected charging infrastruc-

ture and high-efficiency grid-tied ac-dc power converters. Such converters are essential not

only for enabling reliable EV charging but also for the seamless integration of renewable

energy sources such as photovoltaic modules, fuel cells, and battery storage systems into

the grid [3]. Given the substantial power demands from the grid, grid-tied converters must

process power efficiently, reliably, and cost-effectively [4].

Conventionally, a two-stage architecture is employed [5–7], involving an AFE PFC

converter [8, 9] and a dc-dc converter with an HF isolation transformer [10, 11]. The in-

termediate stiff dc link in this architecture facilitates simplified system design and enables

excellent dynamic control. However, the AFE in this setup often suffers from relatively

high switching and reverse recovery losses, constraining its maximum operating switching

frequency. This limitation necessitates a larger filter size, contributing to elevated system

costs. Furthermore, employing two successive full-power processing stages leads to a de-

crease in the overall efficiency of the system [12]. To overcome these challenges, there is

increasing interest in single-stage ac-dc converters for both conductive charging and WPT

applications [12–22]. The architectures of the two-stage and single-stage topologies are

depicted in Fig. 1.1.

Among these, unfolding-based topologies have emerged as promising candidates, as

they allow the concurrent execution of PFC and regulated dc output with efficient ac-dc

power delivery within a single conversion stage [12, 18–30]. These architectures employ a

3-ϕ Unfolder operating in open loop at a maximum of twice the grid frequency to invert

the negative half-cycles of the ac input, producing two unipolar pulsating dc-link voltages.
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(a)

Isolated dc-dcActive front end 
(AFE)

Grid

Cdc

BatteryIsolated dc-dcActive front end 
(AFE)

Grid

Cdc

Battery

(b)

Isolated ac-dcGrid BatteryIsolated ac-dcGrid Battery

Fig. 1.1: Architecture of (a) a two-stage topology; and (b) a single-stage topology.

The dc-dc converter in this unfolding-based topology is precisely controlled to maintain

balanced loading across these pulsating dc-link voltages, resulting in sinusoidal grid currents

and a regulated net power output to the load. Operating the Unfolder at a maximum of

twice the grid frequency with negligible switching losses, while performing all the control-

related tasks using the dc-dc converter, results in improved power density, efficiency, and

design simplicity. Moreover, by eliminating the intermediate stiff dc link with its large

capacitors, and by reducing the requirement for external grid-side inductive filters since the

grid inductance is sufficient for PFC, unfolding-based converters provide a more compact

and efficient solution for high-power applications compared with conventional two-stage

topologies. In this unfolding-based topology, the power from the two pulsating dc-link

voltages can be processed using a dual-input converter, such as a 3-level buck/boost [18–20],

a pair of H-bridges [21,22], or a T-type bridge [12,23–31], thereby establishing the foundation

for a wide range of single-stage unfolding-based ac-dc architectures.

Chapters 2–5 of this thesis employ an unfolding-based single-stage ac-dc topology with

a T-type bridge-based dc-dc converter. The T-type bridge integrates two H-bridges into

a single three-port converter that connects to the pulsating dc-link voltages at the output

of the Unfolder, enabling efficient utilization of semiconductor devices. Additionally, the

T-type bridge allows the use of a single galvanic isolation for dc-dc conversion. As a result,

it offers a power-dense solution well-suited for unfolding-based ac-dc architectures. The

design and operation of the unfolding-based ac-dc converter rated at 21 kW output power

are presented in Chapter 2. To demonstrate the advantages of the proposed unfolding-
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Table 1.1: Comparison between the proposed unfolding-based single-stage and conventional
two-stage topologies (Vgm - peak line-line grid voltage, Pout - output power, and ωg - angular
grid frequency).

Component Parameter Scaling
factor

Conventional
two-stage
(AFE+H-
bridge)

Proposed
single-stage
(Unfolder+T-

type)

AFE/Unfolder

Semiconductor

device count

- 6 12

Voltage stress Vgm 1.18 1, 0.433

Current stress

(rms)

Pout/Vgm 0.216, 0.535 0.56, 0.139

H-bridge/T-type

Semiconductor

device count

- 4 8

Voltage stress Vgm 1.18 1, 0.866

Current stress

(average rms)

Pout/Vgm 0.693 0.89, 0.4

Grid-side
inductive filter

Value (mH) V 2
gm/(ωgPout) 10.31 0

Dc/soft-dc link
capacitor

Value (mF) Pout/(ωgV
2
gm) 827.23 3× 20.68

based single-stage topology over the conventional two-stage architecture, a quantitative

performance comparison has been done. As discussed above, the unfolding-based topology

utilizes a T-type bridge-based dc-dc converter. On the other hand, the two-stage topology is

typically designed with a grid-tied HF AFE followed by an H-bridge-based dc-dc converter.

Both topologies use a diode-bridge rectifier on the secondary side connected to a battery

load. To perform the comparison, a case study is carried out at the output power level

of Pout = 21 kW, with input and output voltages of Vgm = 480
√
2 V and Vbatt = 730 V,

respectively. The AFE converter is switched at 100 kHz with an appropriate inductive

filter to match the grid current THD with the unfolding-based topology. An HF grid-tied
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Table 1.2: Loss comparison between the proposed single-stage and conventional two-stage
topologies (Pout - output power).

Component Parameter Scaling
factor

Conventional
two-stage
(AFE+H-
bridge)

Proposed
single-stage

(Unfolder+T-
type)

AFE/Unfolder
Conduction losses Pout/100 0.95 0.62

Switching losses Pout/100 0.97 0

H-bridge/T-type
Conduction losses Pout/100 0.47 0.61

Switching losses Pout/100 0 0.14

- Total power losses Pout/100 2.39 1.37

converter designed in [32] is considered for reference. The AFE is controlled using space

vector PWM, while the H-bridge operates at a maximum modulation index with square

wave pulses to achieve complete soft-switched transitions. The control strategy for the T-

type bridge used in the unfolding-based topology is detailed in Chapter 2. Table 1.1 provides

the comparison between the two topologies in terms of the device count, voltage and current

stresses, and filter requirements. It can be observed that the proposed topology provides a

significant reduction in the demand for inductive and capacitive filtering in the conversion

process at the cost of more semiconductor devices. Table 1.2 presents a comparison of

analytical power losses between the two topologies calculated using the analysis presented

in Chapter 2 and [33]. The conventional H-bridge demonstrates higher efficiency compared

to the T-type bridge due to its lower switch count, resulting in reduced conduction losses. It

also benefits from complete soft-switching capability. However, the Unfolder in the proposed

topology exhibits significant power loss reduction when compared to the AFE converter,

mainly due to its negligible switching losses. Consequently, the proposed topology delivers

superior overall efficiency in the conversion process. Moreover, the efficiency of the proposed

unfolding-based topology can be improved further by minimizing the switching losses of the

T-type bridge, as discussed in Chapter 3.
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While the unfolding-based ac-dc topology presented in Chapter 2 demonstrates signif-

icant advantages, further refinement and optimization are required to enhance its perfor-

mance. The next two chapters of this thesis address these refinements. Chapter 3 proposes

a robust closed-loop control architecture, an appropriate modulation strategy, and an ac-

curate tank design that together ensure soft-switching operation of the T-type bridge in

the unfolding-based ac-dc topology across the entire grid cycle, thereby reducing switching

losses, improving efficiency, and reducing EMI. Chapter 4 proposes a current emulation-

based active damping technique that improves the quality of the grid currents by reduc-

ing their THD, enhances system stability, and enables high-bandwidth closed-loop control,

thereby improving the overall operation of the unfolding-based ac-dc topology. To ensure

the stability and robustness of closed-loop control in the proposed unfolding-based ac-dc

topology, accurate small-signal modeling is required to derive the plant transfer functions

and calculate the controller parameters. A detailed small-signal model of the T-type bridge-

based dc-dc converter, developed using the phasor transformation technique, is presented

in Chapter 5.

Finally, attention is directed toward the constraint of limited electricity generation ca-

pacity amidst the rapidly expanding EV charging infrastructure. In 2023, the United States

consumed approximately 137 billion gallons of gasoline and 46 billion gallons of diesel, cor-

responding to an energy demand of about 6.36 trillion kWh for transportation [34]. In

contrast, the nation’s total electricity generation during the same year was approximately

4.25 trillion kWh [35], underscoring the immense gap between transportation energy con-

sumption and available electricity supply. The distribution of energy sources is illustrated

in Fig. 1.2. This disparity highlights the challenge of transitioning to fully electric mobility

systems, as electrifying the entire vehicle fleet would far exceed current generation capacity.

Therefore, alongside the development of EV charging infrastructure, it is imperative to con-

currently enhance electricity generation and grid support. A promising approach that has

gained significant attention involves integrating renewable generation and battery energy

storage with the grid to support large-scale EV charging [36]. A conceptual representation
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Fig. 1.2: Energy generation sources in the USA in 2023 (source: EIA).

Fig. 1.3: Conceptual image of the integration of battery storage/renewable energy genera-
tion with the grid for EV charging infrastructure (source: Mobility Outlook).

of this integration is depicted in Fig. 1.3.

Chapter 6 focuses on the design, control, and optimization of a multiport system that

leverages the unfolding-based grid connection to integrate battery storage and renewable

energy sources with the grid for EV battery charging. While Chapters 2–5 concentrate on

single-stage unfolding-based topologies for direct and efficient grid-to-EV power transfer,

the final objective of this thesis broadens the scope to system-level integration challenges.

In particular, large-scale EV adoption requires not only efficient converters but also ar-

chitectures capable of coordinating with renewables and battery storage. To address this,

Chapter 6 introduces a multiport architecture that employs the Unfolder for grid interfacing

together with a current injection circuit [44, 45] and a TAB-based dc-dc converter [46, 47].

https://www.eia.gov/
https://www.mobilityoutlook.com/
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Through this combination, the system effectively integrates the battery storage/renewables

with the grid for EV battery charging. This architecture is distinct from the single-stage

approaches of earlier chapters, yet it still retains the advantages of the unfolding-based

grid connection, such as negligible switching losses, simplified grid interfacing, and compact

filtering requirements. The proposed multiport system demonstrates how unfolding-based

principles can be scaled to more complex system-level architectures essential for future EV

charging infrastructure.

Moreover, the performance of the proposed 3-ϕ unfolding-based grid-tied multiport

converter is compared with prior 3-ϕ grid-tied multiport converters in Table 1.3. It can

be observed that the proposed system surpasses prior work in key parameters, achieving

higher efficiency through a low-frequency-switched Unfolder and an optimized TAB tank,

lower THD, and reliable operation over a wide EV battery voltage range of 200–800 V.

In addition, the use of an Unfolder, which minimizes grid-side filtering requirements with

grid inductance sufficient for PFC, together with the integrated three-winding transformer

design, reduces the overall count of passive components in the system. The scalability of

the proposed converter is also demonstrated in Chapter 6 through 50 kW simulation results

and 10 kW hardware tests, supporting its potential for practical high-power EV charging

infrastructure.

The remainder of this thesis is organized as follows:

• Chapter 2 presents the design and operation of the proposed unfolding-based grid-tied

ac-dc topology for WPT applications, rated at 21 kW output power.

• Chapter 3 develops a robust closed-loop control architecture, an appropriate modula-

tion strategy, and a precise tank design that together ensure soft-switching operation

of the T-type bridge in the unfolding-based topology across the entire grid cycle,

thereby reducing switching losses, improving efficiency, and reducing EMI.

• Chapter 4 introduces a current emulation-based active damping technique that reduces

grid-current THD, enhances system stability, and enables high-bandwidth closed-loop

control for improved overall performance of the unfolding-based ac-dc topology.
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• Chapter 5 presents a detailed small-signal model of the T-type bridge-based dc-dc

converter in the unfolding-based ac-dc topology, which serves as the foundation for

accurate control design and stability analysis.

• Chapter 6 proposes the design and operation of an unfolding-based grid-tied multiport

system that integrates battery storage and renewable energy sources with the grid for

EV battery charging. A modular approach is adopted, with a single module designed

for a 5 kW power level and scalability demonstrated in hardware at a 10 kW power

level.

• Chapter 7 presents the conclusions.



CHAPTER 2

DESIGN AND OPERATION OF AN UNFOLDING-BASED AC-DC TOPOLOGY

2.1 Introduction

This chapter presents a single-stage topology for a WPT system [48–51] that consists

of a 3-ϕ Unfolder followed by a T-type converter-based soft-dc to dc system. The Unfolder

operates close to the grid frequency in order to invert the negative segment of the input ac

voltages to the positive polarity. These positive pulsating voltages are referred to as soft dc-

link voltages in this chapter. The T-type converter is chosen to connect to the Unfolder due

to its dual-input voltage processing capability, which enables efficient utilization of semi-

conductor devices and improves system efficiency and power density. The T-type converter

is switched at a frequency of 85 kHz to ensure interoperability with charging equipment

from various manufacturers, as suggested by the WPT standard J2954 established by the

SAE [52]. To mitigate the control-related complications, this chapter presents a decoupled

control strategy aimed at overcoming the constraints associated with high bandwidth control

and minimizing grid current THD. The proposed control approach enables the management

of input PFC without the need for grid-side current sensors, while simultaneously provid-

ing output power regulation. To ensure proper control of the battery current, a phasor

transformation technique is used to model the T-type converter-based soft-dc to dc system.

In addition, a modular structure of the T-type converter is proposed for efficient power

scalability to develop a WPT infrastructure capable of charging heavy-duty EV batteries in

under an hour with a power rating of 1 MW. A board measuring 26.2 in (L) × 13.2 in (W)

× 4.5 in (H), including the cold plate, is designed to accommodate three T-type converters,

each capable of producing 21 kW of output power. A single Unfolder rated for 1 MW is

developed to interface with multiple parallel-connected T-type converter modules.

The chapter provides comprehensive design guidelines and presents hardware results
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Fig. 2.1: The circuit configuration of a buck-type PFC 3-ϕ Unfolder followed by a generalized
soft-dc to dc converter.

for a 21 kW prototype based on a single T-type module. The prototype achieves an ac-dc

efficiency of ∼96% in the conversion process from the grid to the battery and a grid current

THD of 1.27%. The modular structure for multiple T-type converters operated in tandem

is demonstrated by testing six T-type converter modules in parallel, and corresponding

hardware results are also presented.

2.2 Circuit Configuration and Operation of the Proposed AC-DC Converter

The unfolding-based ac-dc conversion system, as illustrated in Fig. 2.1, is composed

of ac-side grid inductances, a conventional 3-ϕ diode bridge rectifier along with a third-

harmonic injection network (Qx, x ∈ {a, b, c}), soft dc-link capacitors, and a soft-dc to dc

conversion system. In an Unfolder, the input ac phases are connected to the positive,

negative, or midpoint of the soft dc-link based on the specific switching sequence outlined

in Fig. 2.2(d). The phases with the maximum and minimum instantaneous voltages are

linked to the positive (p) and negative (n) nodes of the soft dc-link, respectively, while the

remaining phase is linked to the midpoint (o). As a result, the injection network’s switches

Qa, Qb, and Qc operate with twice the grid frequency, while the rectifier switches Da1, Da2,
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Fig. 2.2: (a) Unfolder input ac voltages are converted to pulsating soft dc-link voltages,
vpo and von, (b) sinusoidal grid currents are shaped piece-wise by ip and in, (c) pulsating
two ports powers Pp and Pn combined to give a constant overall output power Ppn, and
(d) switching sequence of the Unfolder devices in accordance with ac voltage sectors.
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Db1, Db2, Dc1, and Dc2 operate with the grid frequency. This switching scheme results

in the soft dc-link voltages, vpo and von, depicted in Fig. 2.2(a), time-varying from 0 to

(
√
3/2)Vgm, where Vgm is the peak of the line-to-line ac input voltages of the Unfolder.

Because of the pulsating soft dc-link voltages, the two output ports of the Unfolder carry

pulsating powers, Pp and Pn, as shown in Fig. 2.2(c). It should be noted that although

the powers of individual ports are pulsating, the overall power, Ppn, is constant as can be

seen in Fig. 2.2(c). Additionally, the soft dc-link does not require large capacitance because

the voltages are not held constant. Two capacitors, Cpo and Con, are exclusively necessary

and specifically designed to filter out the HF switching ripple produced by the soft-dc to dc

converter. However, having only these two capacitors can result in unbalanced capacitive

loading on the grid side, leading to imbalanced grid currents. To address this issue, a third

capacitor, Cpn, is added which creates a balanced ∆-connected capacitor configuration.

The soft-dc to dc system must possess dual-input voltage processing capability to man-

age the two soft dc-link voltages and handle two pulsating powers, Pp and Pn. One approach

utilized in converter topologies, such as dual active bridge [21], phase-shifted full bridge [22],

and triple active bridge [53,54], involves using two H-bridges to connect to the two soft dc-

link voltages. However, both of these H-bridges need to have a peak power rating of Ppeak,

which is twice the average power processed by each H-bridge converter. Additionally, em-

ploying two H-bridges necessitates the use of two wireless coils. These factors contribute to

a decrease in the efficiency and power density of the soft-dc to dc system. Another solution

is the 3-level buck/boost converter [18–20,55,56], which integrates with the two soft dc-link

voltages. However, this topology fails to provide soft-switching for a majority of the grid

angles, leading to a reduction in system efficiency.

The T-type converter, as shown in Fig. 2.3, overcomes these challenges by merging

the two H-bridges into a single three-port converter, efficiently utilizing the semiconductor

devices. It consists of two input ports to integrate with the two soft dc-link voltages and

one output port that requires only one wireless coil. Consequently, the T-type converter,

with most of its semiconductor devices capable of soft-switching for a majority of the grid
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angles, enables an efficient and power-dense solution for the unfolding-based single-stage

topology. The T-type converter emulates balanced loads across the two output ports of the

Unfolder, resulting in sinusoidal currents on the grid side, as presented in Fig. 2.2(b).

The T-type converts the soft dc-link voltages into an HF 5-level voltage, as illustrated in

Figs. 2.4 and 2.5. The converter employs a modulation strategy that regulates the switching

averages of the currents idcp and idcn to ensure the grid currents are piece-wise sinusoidal for

PFC. Furthermore, the fundamental component of the resonant tank voltage vxy is regulated

over the entire grid cycle to control the output power. An LCC network is utilized to extract

the fundamental component from the T-type output voltage vxy. The HF current isec is

rectified using a full-bridge rectifier on the secondary side and an output filter capacitor

Cout to charge the battery of an EV. While a typical WPT system commonly consists of

an LCC network on both the primary and secondary sides of the wireless coil [48–50, 57],

in this study, the WPT system is emulated by incorporating a 1:1 isolation transformer in

conjunction with the primary LCC resonant network.

2.3 Center-Aligned Modulation Strategy for the T-type Bridge

The T-type converter is operated at the WPT system’s operating frequency of 85 kHz.

Figs. 2.4 and 2.5 depict the switching sequence for the T-type converter for two cases:

dp > dn and dp < dn, where dp and dn represent the duty ratios corresponding to the soft

dc-link voltages vpo and von, respectively. Two quasi-square voltage waveforms generated

corresponding to vpo and von are center-aligned. To achieve input PFC and regulate output

power, the duty ratios dp and dn of the T-type converter are modulated. In steady-state

operation, the LCC network, diode bridge rectifier, and connected EV battery collectively

act as a passive load given by the FHA. As a result, the output power can be controlled

directly by adjusting the magnitude of the fundamental component of vxy. The voltages

vpo and von fluctuate at three times the grid frequency, as shown in Fig. 2.2(a). Henceforth,

a mathematical evaluation is carried out solely for two sectors, 1 and 2, and subsequent

analysis for other sectors can be conducted through a similar procedure. For the analysis,

it is assumed that using a resonant tank with a suitable quality factor results in sinusoidal



16

Fig. 2.4: Switching patterns of the T-type converter when dp is greater than dn. The
modulation technique used aligns the two quasi-square voltages generated with respect to
dp and dn in a symmetrical manner around the center. The 5-level T-type output voltage
consists of a fundamental component, vxy1, and a sinusoidal lagging current, ix, is generated
using an LCC network-based resonant tank.

current and voltage waveforms on both the primary and secondary sides of the soft-dc to dc

system. As a result, the tank current ix is considered a smooth sinusoid for further analysis.

The fundamental component of the resonant tank voltage vxy and the tank current ix are

vxy1 =
4

π

[
vpo sin

(
πdp
2

)
+ von sin

(
πdn
2

)]
sin (ωst) , (2.1)
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Fig. 2.5: Switching patterns of the T-type converter when dp is less than dn. The modulation
technique used aligns the two quasi-square voltages generated with respect to dp and dn in
a symmetrical manner around the center. The 5-level T-type output voltage consists of a
fundamental component, vxy1, and a sinusoidal lagging current, ix, is generated using an
LCC network-based resonant tank.

ix = Ixm sin (ωst− ψ) , (2.2)

where ωs is the angular switching frequency of the T-type converter, Ixm is the amplitude of

the tank current ix, and ψ is the phase angle difference between the fundamental component

of the tank voltage, vxy1, and tank current, ix.

Now, the expressions for dp and dn are derived through a three-step procedure:
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1. For input PFC, the average values of idcp and idcn over a switching cycle are equated to

the instantaneous values of required ip and in, respectively. Maintaining the appro-

priate three-pulse ip and in on the output of the Unfolder makes sure that the grid

currents, which are shaped piece-wise by ip and in, are sinusoidal. This step accounts

for the currents flowing into the soft dc-link capacitors due to the three-pulse soft

dc-link voltages across them and guarantees a unity power factor on the input side.

It should be noted that the midpoint current of the Unfolder output does not need

to be regulated as maintaining ip and in inherently handles the midpoint current in

accordance with KCL. This step results in

⟨idcp ⟩Ts = ip − ⟨icpo + icpn⟩Ts ,

⟨idcn ⟩Ts = in − ⟨icon + icpn⟩Ts .

 (2.3)

2. The average values of idcp and idcn are determined in terms of dp and dn by satisfying the

power balance between the input ports and the output port of the T-type converter,

as mentioned below:

⟨idcp ⟩Ts =
2

π
Ixm cos(ψ) sin

(
πdp
2

)
,

⟨idcn ⟩Ts =
2

π
Ixm cos(ψ) sin

(
πdn
2

)
.

 (2.4)

3. The average values of idcp and idcn obtained from the previous two steps are equated to

obtain dp and dn, as given below:

dp =
2

π
sin−1

(
πIgcm

2Ixm cos(ψ)
sin(fp(θgrid, α))

)
,

dn =
2

π
sin−1

(
πIgcm

2Ixm cos(ψ)
sin(fn(θgrid, α))

)
,

 (2.5)

where
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Igcm =
√
I2gm + I2cm ,

α = tan−1
(
Icm/Igm

)
,

Icm =
√
3VgmωgCsoft-dc ,


(2.6)

where Igm represents the peak of grid currents, Vgm is the peak of line-to-line ac input volt-

ages, ωg denotes the angular grid frequency, Csoft-dc is the soft dc-link capacitance (Cpo, Con,

and Cpn), and fp,n are the functions with respect to the grid angle (θgrid) obtained from

the PLL [9] and α introduced by Csoft-dc.

The equations of dp and dn are further simplified by introducing a term called steady-

state modulation index (Mi) as defined below:

Mi =
vxy1-rms

Vxy1-rms-max
=

πvxy1-rms√
6Vgm cos(α)

=
πIgcm

2Ixm cos (ψ)
. (2.7)

The resulting expressions for dp and dn, provided in Table 2.1 for sectors 1 and 2, ensure

input PFC. If the soft dc-link capacitive currents, resulting from the three-pulse soft dc-link

voltages applied across them, are much lower than the grid currents
(√

3VgmωgCsoft-dc ≪ Igm
)
,

angle α ≈ 0. The simplified steady-state modulation index is then given by

Mi =
vxy1-rms

Vxy1-rms-max
=
πvxy1-rms√

6Vgm
=

πIgm
2Ixm cos (ψ)

. (2.8)

As mentioned earlier, the magnitude of voltage vxy1, which is determined by the mod-

ulation index, directly controls the output power and battery current. Therefore, a PI

controller-based closed-loop control architecture, as shown in Fig. 2.3, is developed that

calculates the required modulation index to achieve a certain power level by regulating the

battery current. Subsequently, the calculations of dp and dn are done, which inherently take

care of the input PFC, based on the appropriate modulation index required for the output

power. Therefore, the proposed modulation strategy and closed-loop control architecture

handle both the control tasks required for battery charging applications. It should be noted
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that the calculations of dp and dn are decoupled even though the voltage vxy1 is a function

of both dp and dn as mentioned in (2.1). Additionally, the proposed modulation strategy

elegantly handles input PFC without the need to sense input grid currents or soft dc-link

p and n ports currents.

2.4 ZVS Operation and Motivation for the Modular T-type Architecture

As mentioned in [13, 58], in order to achieve ZVS of the MOSFETs, it is necessary

for the converter output current to be sufficiently negative during positive transitions of

the converter output voltage, and conversely, for the current to be sufficiently positive

during negative voltage transitions. Typically, such desired current polarities are achieved

by a certain degree of inductive loading of the converter. This ensures two important

aspects: (i) prior to turning on the MOSFET, its output capacitor (Coss) is discharged, and

(ii) when the MOSFET is turned off1, the device current is shifted to its Coss for charging.

This phenomenon, which is also known as soft-switching, effectively avoids overlap and Coss

discharging/charging related switching losses.

To understand the soft-switched or hard-switched nature of the T-type converter MOS-

FETs, the scenario when dp > dn is considered, while a similar analysis can be done for

dp < dn. Fig. 2.6 depicts the analytical waveforms of the T-type converter’s output voltage,

vxy, and output current, ix, for two scenarios: (i) when dp is close to unity, and (ii) when dp

is much smaller than unity. In both scenarios, it is observed that all four trailing edge transi-

tions consistently exhibit ZVS due to the presence of the appropriate output current polarity

and magnitude during these transitions. However, the second and fourth leading edge tran-

sitions always occur in a hard-switched manner. The ZVS nature of the first and third

leading edge transitions is conditional based on the following observations: (i) Fig. 2.6(a)

illustrates that when dp is closer to unity, the output current polarity and magnitude en-

able ZVS of the MOSFETs during these transitions, and (ii) Fig. 2.6(b) demonstrates that

when dp is much smaller than unity, the MOSFETs undergo hard-switching during these

1To achieve ZVS during turn-off, the MOSFET’s turn-off time needs to be sufficiently fast so that the
device current shifts to its Coss swiftly. Otherwise, the device experiences some degree of overlap losses.
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Fig. 2.6: Analytical vxy and ix with (a) dp = 0.9 and dn = 0.43 which leads to more ZVS
transitions of MOSFETs including the first and third leading edge transitions as the value
of dp is higher and closer to unity, (b) dp = 0.69 and dn = 0.64 which leads to hard-switched
leading edges as both the duties are much smaller than unity. Trailing edge transitions in
both cases always have ZVS. Higher magnitudes of dp or dn are favorable for soft-switching.

transitions. The criterion for achieving ZVS of the MOSFETs during the first and third

leading edge transitions, expressed in (2.9), depends on the minimum values of dp or dn.

The increasing amount of MOSFETs experiencing ZVS transitions during the first and

third leading edge transitions throughout the grid cycle as dp or dn approaches a magnitude

of unity is depicted in Fig. 2.7. The classification of all the T-type converter MOSFETs

into soft-switched or hard-switched categories during different transitions is summarized in
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Fig. 2.7: Various duty ratios, dp or dn, are indicated in green, representing the values at
which the first and third leading edge transitions undergo ZVS of the MOSFETs. As the
modulation index, Mi, increases at a specific phase shift between vxy1 and ix, ψ, ZVS is
possible for more values of duty ratios. Consequently, an increase in the modulation index
directly correlates to a greater extent of soft-switching.

Fig. 2.8: Variation of dp and dn with different steady-state modulation indices.

Tables 2.2 and 2.3. The ZVS conditions are

dp > 1− 2ψ

π
...(dp > dn) ,

dn > 1− 2ψ

π
...(dn > dp) .

 (2.9)

With most of the MOSFETs soft-switching for higher values of duty ratios throughout

the grid cycle, it is required to have a higher modulation index which leads to the attainment
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Table 2.2: Nature of the switching of the T-type converter MOSFETs when dp > dn.

Transition MOSFETs
switching

dp > 1 − 2ψ
π

dp ≤ 1 − 2ψ
π

1st leading edge Sy1, S
+
y3 ZVS Hard-switched

2nd leading edge Sy2, S
−
y3 Hard-switched Hard-switched

3rd leading edge Sx1, S
+
x3 ZVS Hard-switched

4th leading edge Sx2, S
−
x3 Hard-switched Hard-switched

1st trailing edge Sy2, S
−
y3 ZVS ZVS

2nd trailing edge Sy1, S
+
y3 ZVS ZVS

3rd trailing edge Sx2, S
−
x3 ZVS ZVS

4th trailing edge Sx1, S
+
x3 ZVS ZVS

Table 2.3: Nature of the switching of the T-type converter MOSFETs when dp < dn.

Transition MOSFETs
switching

dn > 1 − 2ψ
π

dn ≤ 1 − 2ψ
π

1st leading edge Sx2, S
−
x3 ZVS Hard-switched

2nd leading edge Sx1, S
+
x3 Hard-switched Hard-switched

3rd leading edge Sy2, S
−
y3 ZVS Hard-switched

4th leading edge Sy1, S
+
y3 Hard-switched Hard-switched

1st trailing edge Sx1, S
+
x3 ZVS ZVS

2nd trailing edge Sx2, S
−
x3 ZVS ZVS

3rd trailing edge Sy1, S
+
y3 ZVS ZVS

4th trailing edge Sy2, S
−
y3 ZVS ZVS

of larger duty ratios over a major portion of the grid cycle as shown in Figs. 2.7 and 2.8.

This motivates having a modular structure of the T-type converter-based soft-dc to dc

system, as shown later in the experimental validation section. With multiple parallelly

connected T-type converters, operation at a lower load can be achieved by deactivating

some of the converters while maintaining the maximum modulation index for the other

operating converters.
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Fig. 2.9: A simplified closed-loop control architecture to regulate battery current (ibatt) by
controlling the modulation index (mi). A PI controller (Gc) is used and a feed-forward
term Mi-ff is introduced to improve the speed of response. Moreover, the plant’s transfer
function (Gp) is derived using phasor transformation-based modeling.

2.5 Modeling and Control of the T-type Bridge-Based Soft-DC to DC System

As the T-type converter effectively manages all the control-related tasks, such as in-

put PFC and output power regulation, the modeling and closed-loop control analysis are

confined to the soft-dc to dc system, excluding the unfolding part. Moreover, the primary

focus is given to the output power regulation task since the PFC is skillfully handled by

a previously discussed feed-forward technique, which accurately determines the duty ratios

(dp and dn) based on the modulation index (mi) required to produce the desired output

power. To accurately regulate the output power and control the battery current (ibatt),

it is necessary to design a suitable controller for the T-type converter-based soft-dc to dc

system with an LCC resonant network2, secondary diode bridge rectifier, and output ca-

pacitive filter. The utilization of a resonant tank with an appropriate quality factor enables

the attainment of sinusoidal current or voltage waveforms in the tank. In this scenario,

the use of a phasor transformation-based modeling approach, as discussed in Chapter 5

and [25,60–63], is deemed appropriate.

Since the modulation index serves as a crucial control parameter in determining the

duty ratios that ultimately determine the battery current, a small-signal transfer function is

derived between îbatt and m̂i, which acts as a plant (Gp) in the closed-loop control architec-

ture shown in Fig. 2.9. The modeling process involves mainly three steps: (i) steady-state

calculation to establish the relationship between Ibatt and Mi given in (2.10), (ii) derivation

of a phasor-transformed stationary circuit for the T-type converter, resonant network, along

2This work involves the emulation of a WPT system by employing a tightly coupled transformer.
Therefore, a cantilever model is utilized for the purpose of modeling. However, in the case of a system
incorporating a wireless coil, it is possible to substitute the cantilever model with a two-coupled inductor
model [48, 59,60]. The remaining steps of the modeling procedure would remain unchanged.
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Fig. 2.11: Comparison of the bode plots of the T-type converter-based soft-dc to dc sys-
tem’s plant (Gp) obtained from the phasor transformation-based small-signal modeling and
MATLAB/PLECS multitone analysis tool-based simulation.

with the diode bridge on the secondary side, as shown in Fig. 2.10, and (iii) small-signal

derivation of the plant’s transfer function based on the aforementioned phasor-transformed

circuit, as mentioned in (2.11) and (2.12). Equations (2.10), (2.11), and (2.12) are

Ibatt =
4
√
3MiVgm
π2ωsLp

, (2.10)

Hmi
iout

=
îout
m̂i

=
îisec-env
out

îmi
sec-env

îmi
sec-env

m̂i
+
îθsecout

θ̂mi
sec

θ̂mi
sec

m̂i
, (2.11)

Gp = Hmi
ibatt

=
îbatt
m̂i

=
Hmi

iout

1 + rbattCouts
, (2.12)

where îisec-env
out and îθsecout represent perturbations in the output current (iout) of the diode

bridge that are contingent upon the small-signal change in the envelope (̂imi
sec-env) and phase

(θ̂mi
sec) of the diode bridge’s input current phasor (

#   »
isec), respectively. These perturbations

arise due to small-signal deviations in mi. The plant’s transfer function, Gp, is evaluated

by combining Hmi
iout

with a first-order pole that originates from the net series resistance of

the battery, rbatt, and the output capacitive filter, Cout.

Fig. 2.11 compares the bode plots of the plant Gp obtained through two different meth-

ods: phasor transformation-based modeling and the multitone analysis (MATLAB/PLECS

simulation tool) of the soft-dc to dc system. The bode plots derived at the rated load con-
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Fig. 2.12: Simulation result of the battery current superimposed upon the envelope pre-
dicted by the small-signal model under the step change in modulation index from 0.95 to 1
at time = 0.05 msec.

dition display a close resemblance. In addition, the model-generated envelope curve of the

battery current closely matches the simulation result when evaluated under a step change of

modulation index from 0.95 to 1, as shown in Fig. 2.12. The soft-dc to dc system exhibits

considerable dynamics at higher frequencies, but since the steady-state battery current

changes gradually, the closed-loop system’s bandwidth is limited to 100 Hz. This analysis

is utilized to compute the PI controller’s (Gc) parameters and the resulting uncompensated

and compensated bode plots are shown in Fig. 2.13. Moreover, the Nyquist plot of the

open-loop transfer function (GcGp), as given in Fig. 2.14, for the T-type converter-based

soft-dc to dc system provides valuable insights into the stability of the controller design.

As can be seen in this figure, the Nyquist plot does not encircle the point (-1, j0), without

any poles of the open loop transfer function on the right half-plane, indicating a stable

controller design [58]. Accurate small-signal analysis of the T-type converter-based soft-dc

to dc system assists in regulating the battery current effectively, as demonstrated in the

experimental validation section along with the information about the system parameters

used for small-signal modeling.
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Fig. 2.13: Uncompensated and compensated bode plots of the T-type converter-based soft-
dc to dc system’s plant (Gp). The closed-loop bandwidth is set to 100 Hz with the help of
a PI controller (Gc) with Kp = 0.001 and Ki = 20.7. Phase margin of 91.4◦ is obtained.

Fig. 2.14: Nyquist plot of the open loop transfer function (GcGp) of the T-type converter-
based soft-dc to dc system. With no poles of the open loop transfer function on the right
half-plane, the Nyquist plot not encircling (-1, j0) point shows a stable controller design.

2.6 Design Guidelines and Analytical Loss Calculation

This section focuses on the design of the crucial components in the proposed single-stage

topology. Moreover, loss calculation is provided for the Unfolder and T-type converter.

2.6.1 Soft DC-Link Capacitor Design

The representation of the input current (idcp ) of the T-type converter as a function of

the output current phasor (
#»
ix) and the switching function phasor ( #»sp) can be expressed as,
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idcp = ℜ[ #»sp
∗ #»
ix] + ℜ[ #»sp

#»
ixe

2jωst] , (2.13)

which clearly states that the input current has dc and twice the switching frequency com-

ponents. The HF components flow through the soft dc-link capacitors, which leads to HF

ripples in the soft dc-link voltages vpo, von, and vpn. To ensure the voltage ripple (∆vc-soft)

remains within an acceptable threshold, the soft dc-link capacitors should be sized ac-

cordingly. As the soft dc-link capacitors solely serve the purpose of bypassing HF current

components, the following factors are considered during the calculation process:

1. Currents flowing into the capacitors due to the low frequency three-pulse soft dc-link

voltages are considered negligible.

2. Fundamentally, only two capacitors (Cpo and Con) are required to bypass the HF

current components, and the third capacitor (Cpn) is used to create a symmetric ∆-

connected configuration for balanced loading purposes. As a result, for the sake of

simplifying the calculations, a configuration involving only two capacitors (Cpo and

Con) is considered.

The RMS current of the HF component flowing into Cpo is given by

icpo-rms =

√(
idcp-rms

)2 − (⟨idcp ⟩Ts

)2
,

idcp-rms =
Ixm√
2

√
dp +

cos (2ψ) sin (πdp)

π
,

⟨idcp ⟩Ts =
2

π
Ixm cos(ψ) sin

(
πdp
2

)
.


(2.14)

The variation of icpo-rms across the grid cycle is evident from above equations, depending

on the value of dp. The specific value of dp at which Cpo carries the highest RMS current is

given by

dp|Icpo-rms-max
=

1

π

{
tan−1

(π
4

(
1− tan2 (ψ)

))
+ sin−1

(
π√

16 cos4 (ψ) + π2 cos2 (2ψ)

)}
.

(2.15)
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Now, to ensure the peak-peak voltage ripple of the capacitor Cpo stays within a maxi-

mum acceptable limit of ∆Vc-soft-max, the capacitance is derived below using the equation

Qcpo-max = Cpo∆Vc-soft-max:

Cpo =
2Ixm

(
1− dp|Icpo-rms-max

)
cos (ψ) sin

(
π
2 dp|Icpo-rms-max

)
ωs∆Vc-soft-max

, (2.16)

which can be written in terms of the output power, Pout, as

Cpo =
2πPout

(
1− dp|Icpo-rms-max

)
sin
(
π
2 dp|Icpo-rms-max

)
√
3Vgmωs∆Vc-soft-max

. (2.17)

Since a symmetric ∆-connected configuration is employed, the two other capacitors, Con

and Cpn, with the identical capacitance value as determined by (2.17), can be used. Fur-

thermore, the capacitors must have a minimum RMS current rating of Icpo-rms-max at twice

the switching frequency.

2.6.2 Resonant Tank Design

In this work, the WPT system is emulated using a tightly coupled 1:1 isolation trans-

former along with the primary LCC resonant network. This setup allows the resonant tank

to emulate a load similar to that of a WPT system under this specific configuration. The

design of the LCC tank is given below.

Design of Lp

As indicated by (2.10), the battery current and the resulting output power, Pout, exhibit

an inverse relationship with the inductance Lp. Therefore, the determination of Lp is

contingent upon the power requirement for the battery, as described below:

Lp =
4
√
3MiVgmVout
π2ωsPout

. (2.18)
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Design of Cpp

Illustrated in Figs. 2.4 and 2.5, vxy represents a 5-level voltage waveform characterized

by its fundamental component at the switching frequency. In order to extract this fun-

damental component while attenuating undesired higher-order frequency components, the

capacitance value of Cpp is chosen to resonate with Lp at the switching frequency, as defined

in (2.19). This ensures that the tank current exhibits a well-defined sinusoidal waveform

with a dominant fundamental component. By suppressing the higher-order harmonics of

the tank current, the conduction losses in the conversion process are effectively reduced.

The value of Cpp is calculated as

Cpp =
1

ω2
sLp

. (2.19)

Design of Cps and Ll

As mentioned earlier, the diode bridge connected to an EV battery on the secondary

side functions as a voltage and power-dependent resistive load in steady-state, denoted as

Req in (2.20) and (2.21). In the case of an LCC tank, if the combined impedance of the

transformer leakage inductor, Ll, and series capacitor, Cps, matches the impedance of Lp at

the operating frequency, the impedance perceived by the T-type converter becomes purely

resistive and equal to
Lp

ReqCpp
[64]. Consequently, to minimize the requirement of Cps and

avoid the reactive loading of the converter, the transformer is designed such that Ll closely

matches the inductance of Lp. However, in order to achieve ZVS for the maximum number

of T-type converter MOSFETs, a certain level of inductive loading is necessary. To attain

this inductive loading by introducing a phase lag in the converter output current, denoted

by ψ, the value of Cps is derived as

Cps =
1

ωs (Req tan (ψ) + ωs(Ll − Lp))
, (2.20)

where

Req =
8

π2
V 2
out

Pout
. (2.21)
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2.6.3 Output Capacitor Design

The output capacitor, Cout, carries twice the switching frequency component present in

the diode bridge output current. This HF current leads to ripples in the output voltage. To

constrain the peak-peak voltage ripple within a maximum acceptable value of ∆Vc-out-max,

the capacitance is calculated as follows considering that Cout carries all the HF component.

The value of Cout is calculated as

Cout =
Pout

ωsVout∆Vc-out-max
. (2.22)

2.6.4 Analytical Loss Calculation

Unfolder

As mentioned earlier, the Unfolder functions with a maximum of twice the grid fre-

quency. Consequently, the Unfolder’s switching losses can be disregarded. The primary

impact of the Unfolder lies in the conduction losses, which are dependent on the average

and RMS currents passing through the diodes and IGBTs, as given below:

Pcond-loss-unfolder = 6
{
Vf -diodeIavg-diode +Rf -diodeI

2
rms-diode+

(Vce-igbt + Vf -apdiode-igbt)Iavg-igbt+

(Rce-igbt +Rf -apdiode-igbt)I
2
rms-igbt

}
,


(2.23)

where

Iavg-diode =

√
3Igm
2π

,

Irms-diode = Igm

√
1

6
+

√
3

8π
,

Iavg-igbt =
Igm
π

(
1−

√
3

2

)
,

Irms-igbt = Igm

√
1

12
−

√
3

8π
.



(2.24)
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T-type converter

The T-type converter incurs both conduction and switching losses. The conduction

losses are determined by the RMS currents that flow through the MOSFETs, as given in

(2.25) and (2.26). These equations are applicable when dp > dn. However, a similar analysis

can also be performed for the case when dp < dn. In the following equations, the term Rds-hc

represents the on-resistance of the MOSFETs carrying higher currents (Sx1, Sx2, Sy1, and

Sy2). On the other hand, Rds-lc denotes the on-resistance of the midpoint MOSFETs that

carry lower currents (S+x3, S
−
x3, S

+
y3, and S−y3). The conduction losses are given as

Pcond-loss-t-type =2
(
i2rms-sx1,sy1Rds-hc + i2rms-sx2,sy2Rds-hc+

i2rms-sx3+,sx3-Rds-lc + i2rms-sy3+,sy3-Rds-lc

)
,

 (2.25)

where

irms-sx1,sy1 =
Ixm
2

√
(2− dp)−

cos (2ψ) sin (πdp)

π
,

irms-sx2,sy2 =
Ixm
2

√
dn +

cos (2ψ) sin (πdn)

π
,

irms-sx3+,sx3- =
Ixm
2

√
(dp − dn) +

2

π
cos (2ψ) cos

(π
2
(dp + dn)

)
sin
(π
2
(dp − dn)

)
,

irms-sy3+,sy3- =
Ixm
2

√
(dp − dn) +

2

π
cos (2ψ) cos

(π
2
(dp + dn)

)
sin
(π
2
(dp − dn)

)
.


(2.26)

As mentioned in Tables 2.2 and 2.3, all the trailing edge transitions of the T-type

converter exhibit soft-switching characteristics. On the other hand, depending on the mag-

nitude of dp or dn, either two or all four of the leading edge transitions demonstrate hard-

switching behavior, as discussed earlier. The switching losses associated with these hard-

switched transitions can be computed by utilizing the specified turn-on and turn-off energy

losses provided in the datasheet. It is necessary to scale these energy values based on the

voltage and current levels at which the switching of the MOSFETs happens, as well as the

chosen gate resistance within the circuit. Moreover, additional Coss-related losses must be

taken into account for the MOSFET that is not actively turning on or off, but experiences
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a voltage change across its Coss due to the switching transitions of the other MOSFETs in

the same leg. This phenomenon has been explained in detail in [29, 65, 66]. The following

equations have been derived for the scenario where dp > dn. However, it is also possible to

conduct a similar analysis for the case when dp < dn.

When dp > 1− 2ψ

π
,

Psw-loss-t-type = P2nd-leading-edge + P4th-leading-edge

= 2fs(Eon-scaled-sy2+Eoff -scaled-sy3-+Ecoss-sy1) .

 (2.27)

When dp ≤ 1− 2ψ

π
,

Psw-loss-t-type = P1st-leading-edge + P2nd-leading-edge+

P3rd-leading-edge + P4th-leading-edge

= 2fs(Eoff -scaled-sy1+Eon-scaled-sy3++Ecoss-sy2+

Eon-scaled-sy2 + Eoff -scaled-sy3- + Ecoss-sy1) .


(2.28)

In the above equations,

Ecoss-sy1 = (Qoss|vpn − Qoss|vpo)vpn − (Eoss|vpn − Eoss|vpo) ,

Ecoss-sy2 = (Eoss|vpn − Eoss|von)− (Qoss|vpn − Qoss|von)von ,

 (2.29)

where Qoss|vk and Eoss|vk represent the charge and energy stored in the Coss of Sy1 and Sy2

at voltage vk, as defined in [30,65,66].

By examining (2.25)-(2.29), it becomes evident that the conduction and switching losses

exhibit variations dependent on the duty ratios. However, in order to obtain a consistent

and single value, the average of both losses can be computed over the entirety of the grid

cycle.
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Table 2.4: Hardware parameters of the ac-dc conversion system with a single T-type con-
verter module.

Parameter Value

Nominal input voltage 480 V (l-l), 60 Hz ac 3-ϕ

Battery voltage 649 V - 755 V

Nominal output power 21 kW

Unfolder switching frequency Diodes - 60 Hz, IGBTs - 120 Hz

T-type converter switching frequency 85 kHz

2.7 Experimental Validation

A hardware prototype of an ac-dc conversion system based on a single T-type con-

verter module is demonstrated in Fig. 2.15(a) with a power rating of 21 kW. The hardware

parameters are summarized in Table 2.4, while Table 2.5 provides a detailed list of the

semiconductor devices and passive components utilized in the prototype. The Unfolder3

employs IXYS W1263YC200 diodes and Infineon FZ1200R17KF6C-B2 IGBTs, while the

T-type converter uses NVH4L020N120SC1 and NVH4L040N120SC1 SiC MOSFETs from

Onsemi. The midpoint switches (S+x3,S
−
x3,S

+
y3, and S−y3) carry lower RMS currents, as given

by (2.26), so lower current devices are used to reduce the cost of the system. The use of

a TO-247-4L package with a Kelvin source connection helps to reduce gate ringing and

switching losses. Body diodes of CREE CCS050M12CM2 MOSFETs are utilized for the

diode bridge rectifier on the secondary side. The California Instruments MX-30 and NH

Research 9300 are used to emulate the grid and EV battery, respectively.

In order to facilitate the efficient paralleling of multiple modules and optimize the usage

of the TMDSCNCD28379D microcontroller used in this system, a circuit board measuring

26.2 in (L) × 13.2 in (W) × 4.5 in (H) has been developed, as shown in Fig. 2.15(b),

featuring three T-type converter modules rated for 21 kW output power each. The circuit

board incorporates a cold plate for liquid cooling purposes [67]. To evaluate the functionality

of this modular configuration when multiple T-type converters are operated together, six T-

type converter modules are connected in parallel and subjected to testing at a 21 kW output

3Unfolder is designed for a 1 MW of output power which is the end goal of the project.



37

Table 2.5: List of components employed in the prototype.

Component Description

Unfolder diodes
IXYS W1263YC200

(2000 V, 1263 A)

Unfolder IGBTs
Infineon FZ1200R17KF6C-B2

(1700 V, 1200 A)

T-type converter MOSFETs

Onsemi NVH4L020N120SC1

(1200 V, 102 A)

Onsemi NVH4L040N120SC1

(1200 V, 58 A)

Secondary bridge diodes
CREE CCS050M12CM2

(1200 V, 87 A)

Grid inductance 600 µH (5% impedance of 50 kVA grid)

Soft dc-link capacitance

(Cpo, Con, and Cpn)
4.5 µF

Lp

Single T-type module testing

Six T-type modules testing

28.3 µH

64.5 µH

Cpp

Single T-type module testing

Six T-type modules testing

123.1 nF

54.3 nF

Cps 160.3 nF

Transformer parameters

Ll

Lm

37.5 µH

996.2 µH

Cout 161.5 µF

rbatt 60 mΩ

power level, as shown in Fig. 2.15(c). It should be emphasized that the six T-type converter

modules have a combined output power of 126 kW. While testing is currently limited to

21 kW of output power, the current testing results provide valuable insights and pave the

way for higher output power in the future. Moreover, as the Unfolder mainly contributes

to the conduction losses, an approach utilizing a single high-power Unfolder interfaced with

multiple parallel-connected T-type converter modules is employed to effectively minimize

these losses by leveraging high-current, low-resistance semiconductor devices.
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2.7.1 Hardware Results

Fig. 2.16(a) presents the hardware results of the 3-ϕ grid voltages, currents, and their

corresponding soft dc-link voltages of an ac-dc conversion system based on a single T-type

converter module. The figure also shows that a higher THD of 3.86% is observed in the

grid current, as depicted in Fig. 2.16(b). This increase in THD is caused by the periodic

current distortions that occur during the sector boundaries of the grid voltage associated

with each sector of the unfolding action during a line cycle. The HF operation of the T-type

converter gives rise to the HF currents, which are bypassed by the soft dc-link capacitors.

These currents lead to HF ripples in the soft dc-link voltages which cause undesirable

turn-on of the Unfolder diodes, mainly leading to this phenomenon. A detailed analysis

of these distortions and their mitigation technique can be found in Chapter 4 and [68].

The distortion mitigation technique has resulted in improved grid currents, as shown in

Fig. 2.17(a), with a lower current THD of 1.27% given in Fig. 2.17(b). Fig. 2.18 illustrates

the output voltage of the T-type converter and the battery current when supplying 21 kW of

power to the battery. The T-type converter’s output voltage exhibits a six-pulse waveform

but, its fundamental magnitude is consistently maintained by regulating the widths of the

T-type converter’s duty ratios, dp and dn. This control method ensures appropriate output

power regulation. Fig. 2.19 shows the variation in the grid current THD as the output

power changes. Consistent with expectations, a decrease in power level correlates with an

increase in THD.

Figs. 2.20 and 2.21 present the transient response analysis of the controller in relation to

dynamic load and grid voltage variations. Fig. 2.20 demonstrates the controller’s response

in effectively adjusting the battery current to accommodate a 20% step change in output

power, transitioning from 17.5 kW to 21 kW. Furthermore, as depicted in Fig. 2.21, the

controller regulates the battery current when the grid phase voltage experiences a 10.8%

increase from 250 V to 277 V.

The waveforms of the T-type converter’s output voltage and current are displayed in

greater detail in Fig. 2.22. It is evident from Fig. 2.22(a) that when dp exceeds dn by a
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(a)

(b)

Fig. 2.16: Experimental results showing (a) grid voltages, currents, and soft dc-link voltages
and (b) a higher grid current THD of 3.86% measured with Yokogawa WT1806E power
analyzer at 21 kW of output power caused by the presence of periodic distortions in the
grid currents. An ac-dc efficiency of 95.95% is achieved.

significant amount, or vice versa, the MOSFETs during the first, third leading edges and

all trailing edges undergo ZVS as discussed earlier, while the second and fourth leading
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(a)

(b)

Fig. 2.17: Experimental results showing (a) grid voltages, improved currents, and pulsating
soft dc-link voltages and (b) a lower grid current THD of 1.27% measured with the power
analyzer at 21 kW of output power attributed to the application of control-based current
distortion mitigation logic. An ac-dc efficiency of 95.94% is achieved.

edges are hard-switched at higher current levels. When dp is closer to dn, as depicted

in Fig. 2.22(b), all the leading edges are hard-switched, while all trailing edges are soft-
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Fig. 2.18: Experimental results of the T-type converter’s output voltage and battery current
at 21 kW of output power. The output voltage has a six-pulse waveform, but the magnitude
of its fundamental is maintained by controlling the duty ratios of the converter. This ensures
that the battery current is regulated as shown.

Fig. 2.19: The variation in the grid current THD is measured experimentally at different
output power levels using a single T-type converter module. A minimum THD of 1.27% is
observed at a rated power of 21 kW.

switched. Thus, the proposed topology is capable of achieving soft-switching over a signifi-

cant portion of the grid cycle at higher modulation indices when dp and dn can attain higher

values. This phenomenon is illustrated in Figs. 2.23 and 2.24, which show the increase in

the T-type converter’s contribution to the overall system losses as the power level drops

from 21 kW to 12.4 kW by reducing the modulation index. The rise in this contribution to

overall losses is caused by the increase in switching losses when the power level is brought

down. Meanwhile, the contribution of other system components to overall losses decreases

as the power level decreases. Fig. 2.25 displays the efficiency characteristics of the proposed

ac-dc conversion system utilizing a single T-type converter module. The system attains a
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Fig. 2.20: An experimental step change in the load is given from 17.5 kW to 21 kW (20%
rise) by changing the battery current (ibatt) from 24 A to 28.6 A. The controller exhibits its
capability to accurately track the battery current, highlighting its proficiency in effectively
managing transient load variations.

Fig. 2.21: Experimental results upon subjecting the grid voltage (vān̄) to a step change
of 10.8% from 250 V to 277 V. The controller maintains the battery current (ibatt) while
ensuring an acceptable response time.

full-load ac-dc efficiency of 95.94%, while delivering 94% efficiency at 59% load (12.4 kW).

Fig. 2.24 shows some differences between the analytical and experimental T-type con-

verter losses. Mainly two factors contribute to this inconsistency. Firstly, the energy loss

measurements provided in the datasheet are typically acquired using a two-level half-bridge

double pulse tester [69], which introduces errors when calculating losses for the multi-

level T-type converter. To accurately determine energy loss, it is imperative to directly

record switching transients with the T-type converter across various commutation voltages,

currents, and temperatures [70]. Secondly, the turn-off of the MOSFETs during the soft-

switched transitions is considered completely lossless, which may not be the case in the

actual hardware, as it depends upon the turn-off time of the MOSFETs [58]. However, de-
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Fig. 2.22: A detailed view of the T-type converter’s experimental output voltage and cur-
rent at two operating conditions. (a) At the first condition, dp is much higher than dn,
which facilitates ZVS of the MOSFETs during the first and third leading edges. A similar
phenomenon can be observed when dn is much higher than dp. (b) At the second operat-
ing condition, dp equals dn, resulting in a three-level waveform with hard-switched leading
edges. The trailing edges in both operating conditions always exhibit ZVS.

Fig. 2.23: The loss distribution of the ac-dc conversion system with a single T-type converter
module.

spite the observed discrepancy in loss values, the analytical loss calculation offers valuable

insights into the anticipated losses during experimentation, enabling informed selection of

MOSFETs.

Figs. 2.26 and 2.27 depict the results obtained from a paralleling test of six T-type

converter modules. To restrict output power to 21 kW at the moment, the experiment
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Fig. 2.24: Analytical and experimental power losses of the T-type converter.

Fig. 2.25: An efficiency curve for the ac-dc conversion system using a single T-type converter
module is obtained through experimentation. A peak efficiency of 95.94% is achieved at
21 kW of output power.

is conducted at a reduced grid voltage of 330 V (line-line) as shown in Fig. 2.26(a). The

output voltages and currents of all six T-type converters are shown in Fig. 2.26(b). The

modules exhibit nearly equal power-sharing with a maximum deviation below 1%. The slight

variations in tank inductance Lp primarily contribute to this deviation. The experiment

reveals a grid current THD of 4.1% and an ac-dc efficiency of 94%, as shown in Fig. 2.27.

However, the efficiency achieved is lower than the full load efficiency of the ac-dc conversion

system with a single T-type module, due to higher switching losses. This is because all six

modules operate at a lower power of 3.5 kW each in this test.



46

(a)

(b)

Fig. 2.26: Experimental results showing (a) grid voltages, currents, soft dc-link voltages,
and battery current when six T-type converter modules are tested together in a parallel
configuration and (b) T-type output voltages and currents sharing approximately equal
power of 3.5 kW each.

2.7.2 Analysis and Mitigation of the Incorrect Switching Pattern for dp = dn

In the context of the TMDSCNCD28379D microcontroller, the PWM peripheral gen-

erates two complementary PWM signals with the necessary dead band [71]. These PWM
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Fig. 2.27: Paralleling testing results with a grid current THD of 4.1% measured using
Yokogawa WT1806E power analyzer. An ac-dc efficiency of 94% is achieved. To limit the
output power to 21 kW, testing is done with a lower 330 V grid voltage (line-line) and 400 V
battery voltage.

signals are used to drive four pairs of MOSFETs in a T-type converter: (i) Sx1, S
+
x3, (ii) Sx2,

S−x3, (iii) Sy1, S
+
y3, and (iv) Sy2, S

−
y3. The switching patterns for these MOSFETs, as shown

in Figs. 2.4 and 2.5, are generated using two modulating signals per MOSFET pair (eight

modulating signals in total) which are functions of dp and dn, and are compared with

the carrier signal generated by the microcontroller. For example, as shown in Figs. 2.28

and 2.29, in the case of the third pair, Sy1 and S+y3, when the modulating signal MS↑
iii is

equal to the carrier signal, the PWM signal for Sy1 is switched high while the PWM signal

for S+y3 is switched low. Conversely, when the modulating signalMS↓
iii is equal to the carrier

signal, the PWM signal for Sy1 is switched low while the PWM signal for S+y3 is switched

high. Similar comparisons between modulating signals and the carrier signal are made for

the other MOSFET pairs to determine the corresponding high or low switching of PWM

signals.

Now, two different scenarios are being considered for analysis: (a) carrier starting from
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t = 0 of the switching period, as depicted in Fig. 2.28, and (b) carrier starting from t = Ts/4

of the switching period, as shown in Fig. 2.29. In scenario (a), during the transition of

the switching pattern from dp > dn to dp < dn, it is observed that MOSFET Sy1 remains

turned on at the beginning of the next switching period, which is not the desired behavior

as Sy1 should have been turned off at the start of the switching period when dp < dn, as

illustrated in Fig. 2.28. As a result, Sy1 remains turned on for a longer duration, and S+y3

remains turned off for a longer duration than intended. Similar inaccuracies in switching

patterns can also be observed for other pairs of MOSFETs during the transition. These

inaccuracies result in an erroneous output voltage vxy for the T-type converter.

On the contrary, in scenario (b), where the switching pattern transitions from dp > dn

to dp < dn, as illustrated in Fig. 2.29, the MOSFET Sy1 remains turned off and S+y3 remains

turned on as intended, as the transition occurs at t = 5Ts/4. Similarly, the switching patterns

for other pairs of MOSFETs are also accurate in this scenario when the carrier is shifted by

90◦. This ensures that the waveshape of the voltage vxy remains correct. Thus, by aligning

the carrier in such a manner that its zero crossing occurs at the time when the PWM signals

for all the MOSFETs remain the same just before and after the transition from dp > dn to

dp < dn and dp < dn to dp > dn, erroneous switching patterns and incorrect T-type output

voltage during these transitions can be avoided.

2.7.3 Comparison with the Conventional Two-Stage Topology

A detailed comparative analysis is conducted between the proposed single-stage topol-

ogy and the conventional two-stage configuration, which comprises a grid-tied AFE followed

by a dc-dc converter. The dc-dc converter utilizes an active H-bridge on the primary side

and a diode bridge rectifier on the secondary side. To perform the comparison, a case study

is carried out at the same output power level of Pout = 21 kW, with input and output

voltages of Vgm = 480
√
2 V and Vbatt = 730 V, respectively. The AFE converter is switched

at 100 kHz with an appropriate inductive filter to match the grid current THD with the

single-stage topology. An HF grid-tied converter designed in [32] is considered for refer-

ence. The AFE is controlled using space vector PWM, while the H-bridge is operated at



51

Table 2.6: Comparison between the proposed unfolding-based single-stage and conventional
two-stage topologies (Vgm - peak line-line grid voltage, Pout - output power, and ωg - angular
grid frequency).

Component Parameter Scaling
factor

Conventional
two-stage
(AFE+H-
bridge)

Proposed
single-stage
(Unfolder+T-

type)

AFE/Unfolder

Semiconductor

device count

- 6 12

Voltage stress Vgm 1.18 1, 0.433

Current stress

(rms)

Pout/Vgm 0.216, 0.535 0.56, 0.139

H-bridge/T-type

Semiconductor

device count

- 4 8

Voltage stress Vgm 1.18 1, 0.866

Current stress

(average rms)

Pout/Vgm 0.693 0.89, 0.4

Grid-side
inductive filter

Value (mH) V 2
gm/(ωgPout) 10.31 0

Dc/soft-dc link
capacitor

Value (mF) Pout/(ωgV
2
gm) 827.23 3× 20.68

a maximum modulation index with square wave pulses to achieve complete soft-switched

transitions. Table 2.6 provides the comparison between the two topologies in terms of the

device count, voltage and current stresses, and filter requirements. It can be observed that

the proposed topology provides a significant reduction in the demand for inductive and

capacitive filtering in the conversion process at the cost of more semiconductor devices.

Table 2.7 presents a comparison of analytical power losses between the two topologies

calculated using (2.25)-(2.29) and [33]. As the 1 MW rated Unfolder used in this work

benefits from reduced conduction losses due to the use of higher current devices, a 21 kW

Unfolder with lower current diodes and IGBTs is considered for the purpose of unbiased
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Table 2.7: Loss comparison between the proposed single-stage and conventional two-stage
topologies (Pout - output power).

Component Parameter Scaling
factor

Conventional
two-stage
(AFE+H-
bridge)

Proposed
single-stage

(Unfolder+T-
type)

AFE/Unfolder
Conduction losses Pout/100 0.95 0.62

Switching losses Pout/100 0.97 0

H-bridge/T-type
Conduction losses Pout/100 0.47 0.61

Switching losses Pout/100 0 0.14

- Total power losses Pout/100 2.39 1.37

power loss comparison. The conventional H-bridge demonstrates higher efficiency compared

to the T-type converter due to its lower switch count, resulting in reduced conduction losses.

Furthermore, the H-bridge has the advantage of a complete soft-switching capability. How-

ever, the Unfolder in the proposed topology exhibits significant power loss reduction when

compared to the AFE converter, mainly due to its negligible switching losses. Consequently,

the proposed topology showcases better efficiency in the overall conversion process. More-

over, the efficiency of the proposed unfolding-based topology can be improved further by

minimizing the switching losses of the T-type converter, as discussed in Chapter 3.

2.8 Conclusion

The utilization of a single-stage ac-dc converter has the potential to enhance the effi-

ciency and power density of WPT systems for battery charging applications. This chapter

presents a single-stage topology and control scheme for an ac-dc conversion system that

employs a 3-ϕ Unfolder and a T-type converter. The proposed topology eliminates the need

for an input inductive filter as the grid inductance is sufficient for PFC. The T-type con-

verter is capable of handling pulsating dc input voltages, resulting in a smaller capacitive

soft dc-link filter. These advantages contribute to a high power-dense and efficient ac-dc
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conversion system compared to the conventional two-stage approach. A mathematical anal-

ysis of the modulation strategy that takes into account the reactive power of the soft dc-link

capacitors is presented which also gives the benefit of performing PFC without any current

sensors. Small-signal modeling of the conversion system for the proper regulation of the

output power is discussed and comprehensive design guidelines are presented, accompanied

by analytical loss equations, to facilitate the selection and optimization of various compo-

nents within the topology. Hardware results of a 21 kW prototype with a single T-type

converter module demonstrate an ac-dc efficiency of 95.94% from the grid to the battery

and a grid current THD of 1.27%. The modular structure of the proposed system allows

for efficient power scalability. In addition, the modular nature of the system is exemplified

through the parallel operation of six T-type converter modules.

In summary, the analysis and results indicate that the proposed system is capable of

achieving high efficiency, high power density, low grid current THD, and appropriate output

power regulation, making it suitable for wireless charging applications. Furthermore, the

proposed modular architecture can be used to achieve power-level scalability, making it a

versatile solution for a wide range of applications.



CHAPTER 3

MODULATION, CONTROL, AND TANK DESIGN FOR ZVS OF THE T-TYPE

BRIDGE IN AN UNFOLDING-BASED TOPOLOGY

3.1 Introduction

This chapter focuses on ZVS of the resonant T-type bridge in an unfolding-based ac-dc

conversion system shown in Fig. 3.1. As the Unfolder operates at a low switching frequency

in open loop, it cannot perform any control tasks. Furthermore, since a passive diode

bridge rectifier is employed on the secondary side of the isolation, control parameters such

as the phase shift between the primary and secondary bridges and the duty cycle of the

secondary bridge are not available. In this scenario, all key control tasks, including grid-side

sinusoidal current shaping for PFC and output power regulation, must be handled entirely

by the HF switched T-type bridge. Since the T-type bridge is operated at HF, achieving

ZVS of the MOSFETs is essential to minimize switching losses and EMI. Managing all

control requirements while maintaining ZVS, therefore, becomes a significant challenge.

This chapter proposes a modulation strategy with closed-loop control and an appropriately

designed resonant tank, guided by accurate ZVS analysis that accounts for the nonlinear

behavior of MOSFET output capacitance, to simultaneously accomplish these control tasks

and ensure ZVS of the MOSFETs throughout the grid cycle.

The T-type bridge, which is a series combination of two H-bridges, is modulated using

two duty ratios across the grid cycle. These duty ratios generate two quasi-square voltages

at the T-type bridge output, and their relative alignment critically determines whether

the MOSFETs achieve ZVS. In Chapter 2 and [12, 23], center-aligned modulation is used,

which results in the T-type bridge output voltage waveform shown in Fig. 3.2(a). As detailed

in Chapter 2, center-aligned modulation simplifies control by allowing analytical derivation

of the duty ratios. However, as shown in Fig. 3.2(a) and discussed in Chapter 2, the
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Fig. 3.2: T-type bridge output voltage, vxy, and current, ix, when controlled using (a) center-
aligned modulation and (b) leading-edge-aligned modulation.

second and fourth leading edges, highlighted in red, consistently encounter hard-switching

due to incorrect tank current polarity. Additionally, the first and third leading edges may

also face hard-switching when the duty ratio reduces at certain grid angles. This hard-

switching behavior leads to increased switching losses and higher radiated EMI, both of

which are undesirable in HF converters. To address these limitations and ensure ZVS of

the MOSFETs throughout the grid cycle, the leading-edge-aligned modulation aligns the

leading edges of the two quasi-square voltages to maintain correct tank current polarity and

sufficient magnitude at the switching transitions, as shown in Fig. 3.2(b) [24,26–30].

In [28], leading-edge-aligned modulation is used with phase-shift control between the

primary and secondary active bridges for output power regulation and adjustment of the

ratio of the T-type bridge input currents to shape sinusoidal grid currents. However, these

strategies are not applicable in this study. The proposed ac-dc converter is designed for

WPT applications, where a passive diode bridge rectifier on the secondary side is used due to

isolation requirements, making phase-shift control infeasible. Furthermore, input current ra-

tio control does not facilitate output power regulation in the proposed configuration. A ZVS

analysis is also not provided in this previous work. In [24], leading-edge-aligned modulation
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is implemented using analytically derived feedforward duty ratios, without closed-loop regu-

lation of the T-type bridge input currents that shape the grid currents. While this simplifies

implementation, it results in poor dynamic regulation of the grid currents and increased

sensitivity to variations in grid voltages and load conditions. The study also employs an

active secondary bridge with phase-shift control to achieve ZVS, which is unsuitable for this

work, as a passive diode bridge is used on the secondary side. Furthermore, the ZVS analy-

sis in [24] is incomplete, as it considers only the polarity of the tank current while neglecting

the required current magnitude calculation necessary to ensure reliable ZVS. In [26], the

T-type bridge is also operated with leading-edge-aligned modulation based on analytically

derived feedforward duty ratios, without closed-loop regulation of the input currents that

shape the grid currents. This results in relatively high grid current distortion, with THD

of about 5% at rated power. Furthermore, the ZVS analysis neglects the nonlinear behav-

ior of the MOSFET output capacitance, reducing the accuracy of the prediction. In [27],

the T-type bridge is controlled with a leading-edge-aligned modulation strategy combined

with hybrid frequency control (40–200 kHz). This approach, however, is not applicable to

the proposed ac-dc converter in this work, which is designed for WPT applications where

the dc-dc converter switching frequency is constrained to 81.39–90 kHz (typically fixed at

85 kHz) [52]. Moreover, both [26] and [27], discussed above, use an inductor between the

primary and secondary bridges of the dc-dc converter for power transfer. However, this

approach is not suitable for the WPT application considered in this work, as it requires a

higher-order resonant tank, such as an LCC tank [48, 49], thereby introducing additional

challenges in ZVS analysis.

It should also be noted that, to achieve complete ZVS of all T-type bridge MOSFETs,

the leading edges of the two quasi-square output voltages must have a time delay on the

order of the dead time and should not be perfectly aligned. This phenomenon is analyzed in

detail in this study, but has been overlooked in the prior works discussed above [24,26–28].

While [29, 30] address the ZVS operation of the T-type bridge using leading-edge-aligned

modulation, key aspects such as the overall ac-dc converter operation, duty ratio calculation,
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closed-loop control implementation, small-signal modeling, and tank component selection

based on ZVS remain unaddressed. In response to the limitations identified in prior works,

this study presents a comprehensive study of an unfolding-based ac-dc system incorporat-

ing a T-type bridge-based dc-dc converter operated with leading-edge-aligned modulation

to achieve ZVS of the MOSFETs. A closed-loop control architecture is developed to simul-

taneously realize grid-side PFC and output power regulation, and small-signal modeling is

presented to ensure robust dynamic performance. Additionally, a detailed ZVS analysis

is presented, taking into account the nonlinear behavior of the MOSFET output capaci-

tance. Based on this analysis, combined with conduction loss calculations, an optimized

tank component design is provided.

Moreover, the proposed leading-edge-aligned modulation and control structure are ex-

perimentally validated using a 20 kW, 480 V, 3-ϕ grid-tied ac-dc hardware prototype. The

results demonstrate complete ZVS operation over the grid cycle, a peak ac-dc efficiency of

96.51%, and a low grid current THD of 2.3% at the rated output power. Additionally, the

hardware results are compared with those of a center-aligned modulation strategy, which

suffers from hard-switching, using the same hardware prototype. This comparison demon-

strates that the proposed approach achieves 0.76% higher efficiency and a 6 dB reduction

in radiated EMI.

3.2 Overview of the Circuit Configuration and Operation of the Unfolding-

Based Converter

Fig. 3.1 illustrates the circuit schematic of the unfolding-based ac-dc converter em-

ployed in this work. The architecture comprises ac-side grid inductances, a conventional

3-ϕ diode bridge rectifier equipped with a third-harmonic injection network, dc-link capaci-

tors, and a T-type bridge-based dc-dc converter. In the Unfolder circuit, the input ac phases

connect to either the positive (p), negative (n), or midpoint (o) of the dc-link based on the

switching sequence shown in Fig. 3.3(c). As observed in the figure, the injection network

switches, Qa, Qb, and Qc, operate at twice the grid frequency, while the rectifier diodes,

Da1, Da2, Db1, Db2, Dc1, and Dc2, operate at the grid frequency. This switching sequence
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results in time-varying Unfolder dc output voltages, vpo and von, as depicted in Fig. 3.3(a)

and expressed as

vpo(θgrid) =


Vgmsin

(
θgrid +

2kπ
3

)
for odd k ;

Vgmsin
(
θgrid +

(2k+1)π
3

)
for even k ;

(3.1)

and

von(θgrid) =


Vgmsin

(
θgrid +

2(k−1)π
3

)
for odd k ;

Vgmsin
(
θgrid +

(2k−3)π
3

)
for even k ;

(3.2)

where θgrid is the angle of the line-to-line Unfolder input voltage vāb̄, determined by the

PLL, which varies within the range (k−1)π
3 ≤ θgrid <

kπ
3 for the kth Unfolder sector, and Vgm

denotes the peak value of the Unfolder’s line-to-line ac input voltages. The pulsating nature

of the dc-link voltages reduces the need for energy storage and, consequently, large dc-link

capacitors. Instead, relatively small capacitors, Cpo, Con, and Cpn, are employed to bypass

the HF switching current ripple introduced by the dc-dc conversion system. To interface

with these two time-varying dc-link voltages, the dc-dc conversion system may consist of

either two independent converters or a unified converter topology capable of processing

power from both pulsating dc voltages.

This work utilizes a three-port dc-dc converter based on a T-type bridge, as shown in

Fig. 3.1, to process power from the Unfolder output. The T-type bridge architecture in-

tegrates two H-bridges into a unified three-port topology, enabling efficient semiconductor

utilization and allowing the use of a single HF transformer for galvanic isolation, thereby

improving overall system efficiency. The T-type bridge converts the pulsating dc-link volt-

ages into an HF five-level output voltage, vxy. As the proposed ac-dc converter is designed

for WPT applications, an LCC resonant tank, which is typically employed in such appli-

cations [48, 49], is used to attenuate higher-order harmonics and achieve a near-sinusoidal

tank current, ix. Moreover, the HF secondary current, isec, is rectified through a diode

bridge and filtered by the output capacitor, Cout. The resulting rectified current, ibatt, is

then used to charge the EV battery load. Since the Unfolder operates at a low switching



60

Vgm

0.5Vgm

0

-Vgm

-0.5Vgm
v v v

vpo von

Dc1

Db2

Qa

Da1

Db2

Qc

Da1

Dc2

Qb

Db1

Dc2

Qa

Db1

Da2

Qc

Dc1

Da2

Qb

θgrid 

θgrid 

1 2 3 4 5 6

ip in

ib ic ia

Igm

0.5Igm

0

-Igm

-0.5Igm

θgrid 

0 π / 3 2π / 3 π 4π / 3 5π / 3 2π0 π / 3 2π / 3 π 4π / 3 5π / 3 2π

(a)

(b)

(c)

Sectors

bc ca ab

Fig. 3.3: (a) 3-ϕ ac input voltages are converted to pulsating dc-link voltages, vpo and von,
by the Unfolder; (b) sinusoidal grid currents are shaped piece-wise by controlling the p-port
and n-port output currents of the Unfolder, ip and in; and (c) switching sequence of the
Unfolder devices is determined based on the ac voltage sectors.

frequency, control tasks such as grid-side sinusoidal current shaping for PFC and output

power regulation are handled through the closed-loop control of the T-type bridge-based

dc-dc converter.
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Fig. 3.4: Switching pattern of the T-type bridge when dp > dn. The proposed leading-
edge-aligned modulation strategy closely aligns the leading edges of the two quasi-square
voltages, generated with respect to dp and dn, with an intentionally introduced time delay,
Tstg. The five-level T-type bridge output voltage contains a fundamental component, vxy1.
Moreover, a near-sinusoidal lagging tank current, ix, is obtained.

3.3 Proposed Leading-Edge-Aligned Modulation for the T-Type Bridge

The switching sequence for the proposed leading-edge-aligned modulation applied to

the T-type bridge is shown in Figs. 3.4 and 3.5 for both cases: dp > dn and dp < dn, where

dp and dn denote the duty ratios corresponding to the dc-link voltages vpo and von, respec-

tively. To achieve ZVS by ensuring the desired polarity and magnitude of the tank current
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Fig. 3.5: Switching pattern of the T-type bridge when dp < dn. The proposed leading-
edge-aligned modulation strategy closely aligns the leading edges of the two quasi-square
voltages, generated with respect to dp and dn, with an intentionally introduced time delay,
Tstg. The five-level T-type bridge output voltage contains a fundamental component, vxy1.
Moreover, a near-sinusoidal lagging tank current, ix, is obtained.

during switching transitions, the leading edges of the two quasi-square voltages, generated

with dp and dn, are closely aligned with an intentionally introduced time delay, Tstg. Addi-

tional details regarding the ZVS operation and time delay are provided in Section 3.5. The

fundamental component of the T-type bridge output voltage, vxy1, shown in Figs. 3.4 and

3.5, is formed by the sum of the fundamental components of the two quasi-square voltages,
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Fig. 3.6: Phasor diagram of the fundamental T-type bridge output voltage, vxy1, and its
components: vxypo1 and vxyon1. The output tank current phasor, ix, lags behind vxy1 by an
angle ψ, determined by the tank design. The figure illustrates the phasor diagram for two
cases: (a) dp > dn and (b) dp < dn.

Fig. 3.7: Contour of various phasors over the grid cycle for (a) dp > dn and (b) dp < dn,
including the fundamental voltage phasor vxy1 and its components: vxypo1 and vxyon1. The
tank current phasor, ix, consistently lags behind vxy1 by an angle ψ. The peak of vxy1 is
maintained constant throughout the grid cycle for a given output power.

given by

vxy1 = vxypo1 + vxyon1

=
4

π
vpo sin

(
πdp
2

)
sin
(
ωst+

π

2
(1− dp)

)
+

4

π
von sin

(
πdn
2

)
sin
(
ωst+

π

2
(1− dn)

)
= Vxy1-m sin(ωst+ ϕ) ,


(3.3)

where ωs is the angular switching frequency of the T-type bridge, and Vxy1-m denotes the

peak value of its fundamental output voltage. Due to the higher-order nature of the LCC

tank, which filters out higher-order harmonics, a near-sinusoidal tank current is obtained
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at the output of the T-type bridge, given by

ix = Ixm sin(ωst− θx) , (3.4)

where Ixm is the peak of the tank current. Phasor diagrams of the T-type bridge voltages and

the corresponding current for both cases, dp > dn and dp < dn, are presented in Fig. 3.6.

Moreover, during steady-state operation, the LCC resonant tank network, diode bridge

rectifier, and connected EV battery collectively behave as a passive load as characterized

by the FHA. As a result, the output power can be directly controlled by adjusting the peak

of the fundamental component of the T-type bridge output voltage, vxy1. For a certain

power flow, the peak of vxy1 must be kept constant throughout the grid cycle via closed-loop

control. This constant-peak characteristic of vxy1, maintained by the leading-edge-aligned

modulation-based closed-loop control architecture for a given output power, is illustrated

in Figs. 3.7(a) and 3.7(b). These figures show the contours of the per-unit vxy1 and ix

phasors, along with the components of vxy1, namely vxypo1 and vxyon1, throughout the grid

cycle for both dp > dn and dp < dn. It can also be observed from these figures that the tank

design, as detailed in Section 3.5, ensures that the current ix remains lagging with respect

to ωst = 0, which corresponds to the angle of the first leading edge shown in Figs. 3.4 and

3.5, so that the ZVS of the T-type bridge MOSFETs is maintained throughout the grid

cycle.

The duty ratios dp and dn are modulated throughout the grid cycle to generate the

desired 180 Hz p-port and n-port currents, ip and in, as shown in Fig. 3.3(b), which shape

the grid currents to be sinusoidal. The analytical duty ratios can be derived through a

four-step procedure:

1. For input PFC, the average values of idcp and idcn over a switching cycle are equated

to the instantaneous values of the desired ip and in. These Unfolder output currents,

ip and in, shape the grid currents sinusoidal in a piecewise manner. This step also

accounts for the currents flowing into the dc-link capacitors due to the dc-link voltages
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Table 3.1: Values of fp and fn used to calculate dp and dn for different ac-voltage sectors.

Sector Grid angle (∠vāb̄) fp fn

1 0 ≤ θgrid < π/3 θgrid + π/2 − α θgrid + π/6 − α

2 π/3 ≤ θgrid < 2π/3 θgrid − π/6 − α θgrid + π/6 − α

3 2π/3 ≤ θgrid < π θgrid − π/6 − α θgrid − π/2 − α

4 π ≤ θgrid < 4π/3 θgrid − 5π/6 − α θgrid − π/2 − α

5 4π/3 ≤ θgrid < 5π/3 θgrid − 5π/6 − α θgrid − 7π/6 − α

6 5π/3 ≤ θgrid < 2π θgrid + π/2 − α θgrid − 7π/6 − α

across them and ensures unity power factor at the input. This step results in the

following expressions:

⟨idcp ⟩Ts = ip − ⟨icpo + icpn⟩Ts

= Igcm sin(fp(θgrid, α)) ,

(3.5)

⟨idcn ⟩Ts = in − ⟨icon + icpn⟩Ts

= Igcm sin(fn(θgrid, α)) ,

(3.6)

where

Igcm =
√
I2gm + I2cm , (3.7)

α = tan−1
(
Icm/Igm

)
, (3.8)

Icm =
√
3VgmωgridCdc , (3.9)

where Igm represents the peak of the grid currents, ωgrid denotes the angular grid

frequency, and Cdc refers to the dc-link capacitors (Cpo, Con, and Cpn) connected

at the Unfolder output. The functions fp and fn depend on θgrid and the phase α

introduced by Cdc, as specified in Table 3.1.
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2. The average values of idcp and idcn are expressed in terms of dp and dn as

⟨idcp ⟩Ts =
2

π
Ixm cos(ψpo) sin

(
πdp
2

)
, (3.10)

⟨idcn ⟩Ts =
2

π
Ixm cos(ψon) sin

(
πdn
2

)
, (3.11)

where ψpo and ψon denote the phase lags of the current ix with respect to the voltages

vxypo1 and vxyon1, respectively, as shown in Fig. 3.6.

3. The average values of idcp and idcn obtained from the previous two steps are equated to

obtain dp and dn, as given below:

dp =
2

π
sin−1

(
πIgcm

2Ixm cos(ψpo)
sin(fp(θgrid, α))

)
, (3.12)

dn =
2

π
sin−1

(
πIgcm

2Ixm cos(ψon)
sin(fn(θgrid, α))

)
. (3.13)

4. The equations for dp and dn are further simplified by introducing the p-port and n-

port modulation indices, mp and mn, respectively. These modulation indices are the

outputs of the PI controllers in the proposed closed-loop control architecture detailed

in Section 3.4. The simplified duty ratios are given in the following:

dp =
2

π
sin−1 (mp sin(fp(θgrid, α))) , (3.14)

dn =
2

π
sin−1 (mn sin(fn(θgrid, α))) , (3.15)

where

mp =
πIgcm

2Ixm cos(ψpo)
=

πVxy1-m cos(ψ)

2
√
3Vgm cos(α) cos(ψpo)

, (3.16)

mn =
πIgcm

2Ixm cos(ψon)
=

πVxy1-m cos(ψ)

2
√
3Vgm cos(α) cos(ψon)

, (3.17)

where ψ is the phase lag of the tank current ix with respect to the voltage vxy1.

As discussed in Section 3.2, the unfolding-based ac-dc topology utilized in this work requires
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Fig. 3.8: (a) Modulation indices, mp and mn, and (b) duty ratios, dp and dn, over the grid
cycle, considering α ≈ 0 and operation at rated output power.

smaller dc-link capacitors. Therefore, the currents flowing into these capacitors, due to the

voltages across them, are typically lower than the grid currents (Icm ≪ Igm). This results

in the angle α ≈ 0, as derived in (3.8). The analytical values of the modulation indices, mp

and mn, and the corresponding duty ratios, dp and dn, considering α = 0 and operation at

rated output power, are illustrated in Fig. 3.8 throughout the grid cycle.

3.4 Modeling and Control of the T-Type Bridge-Based DC-DC Converter

As discussed earlier, the Unfolder operates in an open-loop mode at a low frequency.

Consequently, tasks such as grid-side sinusoidal current shaping for PFC and output power

regulation are handled simultaneously by the closed-loop controlled T-type bridge-based dc-

dc converter. The proposed control strategy is illustrated in Fig. 3.9(a). In this architecture,

the outer loop regulates the power delivered to the battery load by controlling the battery

current, ibatt, while two inner loops ensure sinusoidal grid current shaping by regulating

the p-port and n-port output currents of the Unfolder, ip and in. Based on the output

power demand, the PI controller of the outer loop determines the peak value of the current

references, Igm, for the inner loops controlling ip and in. Using this value of Igm along with
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Fig. 3.10: Bode plots of the uncompensated outer-loop plant, Gouter, and the compensated
plant with the PI controller, GL-outer. A closed-loop bandwidth of 10 Hz is selected for the
outer loop, and the corresponding PI controller parameters are Kp-PI = 0, Ki-PI = 76.4.

the functions gp and gn, defined as

gp(θgrid) = fp(θgrid, α)
∣∣
α=0

, (3.18)

gn(θgrid) = fn(θgrid, α)
∣∣
α=0

, (3.19)

the current references for regulating ip and in are generated. The inner loops then accurately

track these current references by modulating the duty ratios, dp and dn, throughout the

grid cycle. These duty ratios are determined based on the modulation indices, mp and mn,

generated by the PI controllers of the inner loops. The simplified control architectures of

the outer and inner loops are illustrated in Figs. 3.9(b) and 3.9(c), respectively.

It is important to note that the controlled currents, ip and in, are 180 Hz quantities,

corresponding to three times the grid frequency, fgrid, as illustrated in Fig. 3.3(b). To ensure

effective regulation of these currents under both steady-state and dynamic conditions, the

control bandwidth of the inner loops should be designed to be significantly greater than

180 Hz. In addition, to achieve proper decoupling between the inner and outer loops, the

outer loop can be designed with a lower bandwidth. The appropriate selection of control

bandwidths requires the derivation of the plant transfer functions for the control loops. The

plant transfer function for the outer loop is derived by satisfying the power balance between
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the input grid side and the output battery load side, which is expressed as follows:

Gouter =
îbatt

îgm
=

√
3

2

Vgm
Vbatt(1 + rbattCouts)

, (3.20)

where îbatt and îgm denote the small-signal variations in the battery load current and the

peak of the grid current, respectively. Moreover, rbatt represents the net series resistance of

the battery load, and Cout denotes the output filter capacitor. The loop transfer function

of the outer loop is given by

GL-outer = GPI-outerGouter , (3.21)

where GPI-outer represents the PI controller used in the outer loop for closed-loop control.

The Bode plots of the uncompensated outer-loop plant, Gouter, and the compensated plant

with the PI controller, GL-outer, are shown in Fig. 3.10, along with the corresponding con-

troller parameters.

Now, given the symmetry between the p-port and n-port inner control loops, the sub-

sequent analysis primarily focuses on the p-port current control. A similar approach can

be applied to the n-port current control as well. In this control architecture, the plant

transfer function of the inner p-port current control loop, denoted as Ginner-p-port, relates

the small-signal p-port current îp to the small-signal p-port duty ratio d̂p, and is expressed

as

Ginner-p-port =
îp

d̂p
. (3.22)

The implementation of a higher-order LCC resonant network with an appropriate quality

factor enables the realization of sinusoidal current or voltage waveforms within the tank.

In this context, employing a small-signal modeling approach based on phasor transforma-

tion is considered suitable [25, 60–62]. The modeling procedure for calculating Ginner-p-port

primarily involves three steps:
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Fig. 3.12: Comparison of the Bode plots of the p-port inner-loop plant, Ginner-p-port = îp/d̂p,

of the T-type bridge-based dc-dc conversion system, obtained using phasor transformation-
based small-signal modeling and simulations with the PLECS multitone analysis tool.

1. A steady-state analysis is conducted to derive the relationship between the steady-

state p-port current, Ip, and the corresponding steady-state p-port duty ratio, Dp, as

given below:

Ip =
2

π
Ixm cos

(π
2
(1−Dp) + Θx

)
sin

(
πDp

2

)
, (3.23)

where Ixm and Θx represent the steady-state quantities of the T-type bridge-based

dc-dc conversion system, evaluated at a specific grid angle at which the plant transfer

function, Ginner-p-port, is derived.

2. The small-signal phasor-transformed circuit is derived for the T-type bridge-based dc-

dc converter, incorporating an LCC resonant tank with isolation and a diode bridge

on the secondary side, as illustrated in Fig. 3.11.

3. The plant transfer function is calculated using the phasor-transformed small-signal

circuit, as given below:

Ginner-p-port =
îix-envp

î
dp
x-env

î
dp
x-env

d̂p
+
îθxp

θ̂
dp
x

θ̂
dp
x

d̂p
+
î
dp
p

d̂p
, (3.24)

where îix-envp and îθxp represent the perturbations in the p-port current, ip, of the T-

type bridge, which arise due to small-signal changes in the envelope (̂i
dp
x-env) and phase

(θ̂
dp
x ) of the T-type bridge output tank current phasor (

#»
ix), respectively. These per-
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Fig. 3.13: Bode plots of the uncompensated inner-loop plant, Ginner-p-port, and the com-
pensated plant with the PI controller, GL-inner-p-port. A closed-loop bandwidth of 1.8 kHz
is selected for the inner loop, and the corresponding PI controller parameters are Kp-PI =
0.001, Ki-PI = 251.4.

turbations are caused by small-signal variations introduced in the p-port duty ratio,

dp. Additionally, î
dp
p captures the direct effect of the small-signal change in dp on the

p-port current, ip.

The loop transfer function of the p-port inner loop is given by

GL-inner-p-port = GPI-innerK
dp
mpGinner-p-port , (3.25)

where GPI-inner represents the PI controller used in the p-port inner loop for closed-loop

control and K
dp
mp is the small-signal gain that relates d̂p and m̂p as

K
dp
mp =

d̂p
m̂p

=
2

π

sin(fp(θgrid, α))

cos
(
π
2Dp

) , (3.26)

which is derived by linearizing (3.14). Here, K
dp
mp represents a linearized, constant gain

evaluated at the steady-state operating point. The Bode plots of Ginner-p-port, obtained

from the phasor transformation-based modeling, are validated through comparison with

those obtained via multitone analysis using the PLECS simulation tool, as illustrated in

Fig. 3.12. The Bode plots of the uncompensated p-port inner-loop plant, Ginner-p-port, and

the compensated plant with the PI controller, GL-inner-p-port, are shown in Fig. 3.13. Further

details on the small-signal phasor modeling are provided in Chapter 5.
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3.5 Selection of Tank Components

The selection of the LCC resonant tank in the T-type bridge-based dc-dc converter is

based on three primary design criteria: (i) satisfying the power requirements of the battery

load, (ii) achieving an appropriate lagging characteristic of the tank current to ensure the

desired current magnitude and polarity during switching transitions for ZVS of the T-type

bridge MOSFETs, and (iii) minimizing conduction losses at the rated output power. The

tank inductor, Lp, is selected based on the first design criterion, which is satisfying the

power requirement of the battery load. Its value is calculated as

Lp =
2Vxy1-mVbatt
πωsPbatt

. (3.27)

The capacitor Cpp is selected such that it resonates with Lp at the switching frequency.

This resonance helps establish a current-source characteristic for the LCC tank, which is

necessary for WPT-based battery charging applications. The value of Cpp is calculated as

Cpp =
1

ω2
sLp

. (3.28)

As discussed earlier, during steady-state operation, the diode bridge rectifier and the con-

nected EV battery collectively behave as a passive load, as characterized by FHA. The value

of this passive resistive load is given as

Req =
8

π2
V 2
batt

Pbatt
. (3.29)

In an LCC tank, when the combined impedance of the isolation leakage inductor, Ll, and

the series capacitor, Cps, matches the impedance of Lp at the switching frequency, the

impedance seen by the T-type bridge becomes purely resistive and is given by Lp/(ReqCpp).

Consequently, to minimize the required value of Cps and reduce the reactive loading of

the T-type bridge for lower conduction losses, the tank isolation is designed such that

Ll closely matches the inductance of Lp. However, achieving ZVS for the T-type bridge

MOSFETs requires a certain level of inductive loading. To achieve this inductive loading,
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a phase lag, ψ, is intentionally introduced between the T-type bridge output current, ix,

and the fundamental component of the T-type bridge output voltage, vxy1. Accordingly,

the capacitance value of Cps is determined as follows:

Cps =
1

ωs (Req tan (ψ) + ωs(Ll − Lp))
, (3.30)

based on the required value of ψ. Now, to select an appropriate value of ψ, and accordingly

Cps, a ZVS analysis of the T-type bridge is required to determine the necessary tank current

magnitude with the appropriate polarity during the switching transitions. Moreover, a

conduction loss analysis of the T-type bridge is also needed to optimize the reactive nature

of the tank design and ensure that conduction losses remain at a reasonable level. By

combining these analyses, an optimized value of Cps can be selected.

3.5.1 ZVS Analysis of the T-Type Bridge Considering Nonlinear MOSFET

Output Capacitance

To accurately calculate the tank current required to charge or discharge the output

capacitance, Coss, of the T-type bridge MOSFETs for achieving ZVS, the nonlinear nature of

the output capacitance must be considered. To address this, energy- and charge-equivalent

capacitors are defined [29,30,72,73], as given below:

Ceq,E

∣∣∣vc
0
=

2

vc2

∫ vc

0
v Coss|v dv , (3.31)

Ceq,Q

∣∣∣vc
0
=

1

vc

∫ vc

0
Coss|v dv , (3.32)

where the energy stored in Ceq,E at a voltage vc is equal to the energy stored when the

voltage across Coss rises from 0 to vc. Similarly, the charge stored in Ceq,Q at vc is equal to

the charge stored when charging Coss from 0 to vc, where vc can take any value between 0 and

the rated operating voltage of the MOSFET. Moreover, the energy- and charge-equivalent
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Fig. 3.14: Switching pattern of the T-type bridge when dp > dn. The leading edges of the
two quasi-square voltages are closely aligned with an intentionally introduced time delay of
Tstg, resulting in four distinct switching transitions.

capacitors for the scenario where Coss charges from v1 to v2 is given by

Ceq,E

∣∣∣v2
v1

=
Ceq,E

∣∣∣v2
0

v22 − Ceq,E

∣∣∣v1
0

v21

v22 − v21
, (3.33)

Ceq,Q

∣∣∣v2
v1

=
Ceq,Q

∣∣∣v2
0

v2 − Ceq,Q

∣∣∣v1
0

v1

v2 − v1
, (3.34)
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Table 3.2: Coss charging and discharging during transitions I and II.

Transition Sy1 Sy2 S+
y3 S−

y3

I 0 to vpo vpn to von vpo to 0 -

II vpo to vpn von to 0 - 0 to von

where v1 and v2 can be any values from 0 to the rated operating voltage of the MOSFET.

As shown in Figs. 3.4 and 3.5, the switching pattern of the T-type bridge MOSFETs

is symmetric for both dp > dn and dp < dn. Therefore, the subsequent analysis focuses on

the switching transitions during dp > dn, while a similar analysis applies for dp < dn. The

leading-edge-aligned switching pattern of the T-type bridge, along with the on/off states

of all MOSFETs, is shown in Fig. 3.14 for the case of dp > dn. It can be observed from

this figure that transitions III and IV readily achieve ZVS for the MOSFETs due to the

higher magnitude and appropriate polarity of the tank current, ix, during these intervals.

In contrast, transitions I and II are more critical and require careful analysis, as the tank

current is relatively low during these transitions. Consequently, the subsequent analysis

focuses on these two transitions to determine the minimum required tank current and the

duration necessary to achieve ZVS. The equivalent circuits for transitions I and II are

shown in Fig. 3.15, while Table 3.2 summarizes the voltage changes across the MOSFET

output capacitances. In these circuits, the LCC tank is modeled by an equivalent network

consisting of an inductor, Lp, and a voltage source, vcpp, which represents the instantaneous

voltage across the capacitor Cpp during the switching transition under consideration. Since

the capacitor voltage remains nearly constant during the dead time, it is modeled as a

constant voltage source in the ZVS analysis. However, different vcpp values are considered

for the respective switching transitions and for the variation over the grid cycle.

Transition I

During transition I, the MOSFETs Sy1, Sy2, and S+y3 of the y leg remain part of the

active commutation loops. Meanwhile, MOSFET Sx1 is turned on, connecting the x-leg
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switch node to the p node of the dc-link. To achieve ZVS during this transition, the tank

current, ix, flowing into the x leg is required. To determine the energy required from the tank

inductor, Lp, during this transition for the ZVS of the MOSFETs, the energy contributions

from all sources, namely vpo, von, and vcpp, in the circuit shown in Fig. 3.15(a) must be

calculated during the dead time, as given below:

Evpo = vpo
(
−
∫
icsy2 dt−

∫
icsy3+ dt

)
= vpo

(∫ von

vpn
Coss-sy2 dv +

∫ 0

vpo
Coss-sy3+ dv

)
= vpo

(
(von − vpn)Ceq,Q-sy2

∣∣∣von
vpn

+

(−vpo)Ceq,Q-sy3+

∣∣∣0
vpo

)
= v2po

(
− Ceq,Q-sy2

∣∣∣von
vpn

− Ceq,Q-sy3+

∣∣∣0
vpo

)
.



(3.35)

Similarly,

Evon = −vonvpoCeq,Q-sy2

∣∣∣von
vpn

, (3.36)

Evcpp = vcppvpo
(
Ceq,Q-sy1

∣∣∣vpo
0
+ Ceq,Q-sy2

∣∣∣von
vpn

+ Ceq,Q-sy3+

∣∣∣0
vpo

)
, (3.37)

Es-trI = Evpo + Evon + Evcpp . (3.38)

Following this, the total change in the capacitive energy associated with the MOSFET

output capacitances during transition I is determined, as given below:

∆Ec-sy1 =
1

2
v2poCeq,E-sy1

∣∣∣vpo
0
, (3.39)

∆Ec-sy2 = −1

2

(
v2pn − v2on

)
Ceq,E-sy2

∣∣∣von
vpn

, (3.40)

∆Ec-sy3+ = −1

2
v2poCeq,E-sy3+

∣∣∣0
vpo
, (3.41)

∆Ec-trI = ∆Ec-sy1 +∆Ec-sy2 +∆Ec-sy3+ . (3.42)
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Now, the energy required from the inductor, Lp, is given by

ELp-trI = Es-trI −∆Ec-trI , (3.43)

and finally, the magnitude of the minimum tank current required to achieve ZVS during

the switching transition in the T-type bridge is calculated as

Ix-min-zvs-trI =

√
2
∣∣ELp-trI

∣∣
Lp

. (3.44)

Moreover, the time required to achieve ZVS for the T-type bridge MOSFETs is also a

critical design parameter. This calculation plays a critical role in establishing the correct

dead time in hardware verification, thereby preventing the MOSFETs from turning on

prematurely, before their output capacitance has fully charged or discharged. The ZVS

time is evaluated under two scenarios: (i) the magnitude of the tank current, ix, is equal to

Ix-min-zvs-trI and is just sufficient to achieve ZVS, and (ii) the magnitude of the tank current,

ix, exceeds the minimum magnitude required for ZVS. The determination of the ZVS time

for transition I involves applying KCL at node y in Fig. 3.15(a), which can be expressed in

the form given below:

−ix = icsy1 + icsy2 + icsy3+ ,

= Coss-sy1
dvds-sy1

dt
− Coss-sy2

dvds-sy2
dt

− Coss-sy3+
dvds-sy3+

dt
.

(3.45)

Using this, the charge required by the MOSFET output capacitances can be equated to the

charge supplied by the tank current, ix, which corresponds to the area under the current

waveform. The required time for ZVS is then calculated as

tzvs-trI =

2 vpo
(
Ceq,Q-sy1

∣∣∣vpo
0

+ Ceq,Q-sy2

∣∣∣von
vpn

+ Ceq,Q-sy3+

∣∣∣0
vpo

)
Ix-min-zvs-trI

. (3.46)

Moreover, if the tank current exceeds the minimum ZVS current required during transition

I, (3.46) can be modified as
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tex-zvs-trI =
Ix-trI −

√
I2x-trI − ωsIxm Ix-min-zvs-trI tzvs-trI

ωsIxm
, (3.47)

where Ix-trI denotes the tank current at the beginning of transition I.

Transition II

Similar to transition I, the minimum required tank current for ZVS and the duration

to achieve it can be calculated for transition II. The energy contributions from all sources,

namely vpo, von, and vcpp, in the circuit shown in Fig. 3.15(b) during the dead time must

be evaluated, as given below:

Evpo = vpovon
(
− Ceq,Q-sy2

∣∣∣0
von

− Ceq,Q-sy3-

∣∣∣von
0

)
, (3.48)

Evon = −v2onCeq,Q-sy2

∣∣∣0
von

, (3.49)

Evcpp = vcppvon
(
Ceq,Q-sy1

∣∣∣vpn
vpo

+ Ceq,Q-sy2

∣∣∣0
von

+ Ceq,Q-sy3-

∣∣∣von
0

)
, (3.50)

Es-trII = Evpo + Evon + Evcpp . (3.51)

Following this, the total change in the capacitive energy associated with the MOSFET

output capacitances during transition II is determined, as given below:

∆Ec-sy1 =
1

2

(
v2pn − v2po

)
Ceq,E-sy1

∣∣∣vpn
vpo

, (3.52)

∆Ec-sy2 = −1

2
v2onCeq,E-sy2

∣∣∣0
von

, (3.53)

∆Ec-sy3- =
1

2
v2onCeq,E-sy3-

∣∣∣von
0

, (3.54)

∆Ec-trII = ∆Ec-sy1 +∆Ec-sy2 +∆Ec-sy3- . (3.55)

Now, the energy required from the inductor, Lp, is given by

ELp-trII = Es-trII −∆Ec-trII , (3.56)
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and finally, the magnitude of the minimum tank current required to achieve ZVS during

the switching transition in the T-type bridge is calculated as

Ix-min-zvs-trII =

√
2
∣∣ELp-trII

∣∣
Lp

. (3.57)

Furthermore, the ZVS time for transition II is expressed as:

tzvs-trII =

2 von
(
Ceq,Q-sy1

∣∣∣vpn
vpo

+ Ceq,Q-sy2

∣∣∣0
von

+ Ceq,Q-sy3-

∣∣∣von
0

)
Ix-min-zvs-trII

, (3.58)

and can be further modified if the tank current exceeds the minimum ZVS current required

during transition II, as given below:

tex-zvs-trII =
Ix-trII −

√
I2x-trII − ωsIxm Ix-min-zvs-trII tzvs-trII

ωsIxm
, (3.59)

where Ix-trII denotes the tank current at the beginning of transition II.

Requirement for Delay Time (Tstg)

As discussed earlier, an intentional time delay, Tstg, is introduced between transitions

I and II. If this delay is not provided, the MOSFETs Sy1 and S−
y3 turn off simultaneously,

while Sy2 and S+
y3 turn on at the same instant after the dead time. For ZVS turn-on of

Sy2 and S+
y3, the output capacitances Coss of these devices must discharge during the dead

time prior to switching on. As detailed in Table 3.2, the Coss of Sy2 should discharge from

vpn to zero, and that of S+
y3 should discharge from vpo to zero. Since S+

y3 is common-source

connected with S−
y3, their output capacitances are effectively connected in series. Compared

to the single output capacitance on the top and bottom sides of the T-type bridge, this series

configuration causes the rate of decrease of vds-sy3+ to be approximately half that of vds-sy2.

When vpo = von = vpn/2, both vds-sy3+ and vds-sy2 can reach zero by discharging their

respective Coss using energy from the tank inductor, Lp. However, in the unfolding-based

topology, vpo and von are not always equal to vpn/2, as discussed in Section 3.2. When vpo >
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Fig. 3.16: T-type bridge output voltage, vxy, switching pattern, and drain-to-source voltages,
vds, of the leg-y MOSFETs when (a) the delay time, Tstg, is disregarded, and transitions
I and II overlap, leading to partial ZVS turn-on of S+

y3; and (b) a delay time, Tstg, is

introduced between transitions I and II, resulting in complete ZVS turn-on of S+
y3.

vpn/2, the slower decrease rate of vds-sy3+ causes vds-sy2 to reach zero first. This bypasses

the tank current through the body diode of Sy2 and leads to partial ZVS turn-on of S+
y3, as

shown in Fig. 3.16(a).

By introducing a delay time of Tstg between transitions I and II, the series-connected

MOSFETs S+
y3 and S−

y3 are prevented from turning on/off simultaneously. This ensures

that MOSFET S+
y3 undergoes ZVS turn-on first during transition I, followed by MOSFET

Sy2 during transition II, as depicted in Fig. 3.16(b). The delay time Tstg should be greater

than the ZVS time required for transition I, given by either tzvs-trI or tex-zvs-trI. It should be

noted that the delay time Tstg is necessary when vpo ̸= vpn/2 and can be set to zero when

vpo = von = vpn/2, which occurs at grid angles θgrid = π
6 + (k − 1)π3 , as discussed above.

Therefore, in this work, a staggered time delay is implemented that is kept greater than
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Table 3.3: Analytical RMS currents of the T-type bridge.

Current Expression for dp > dn

Irms-top

(
Ixm
2

)√
(2− dp) +

(
sin(πdp) cos(πdp − 2θx)

π

)

Irms-bot

(
Ixm
2

)√
dn −

(
sin(πdn) cos(πdn − 2θx)

π

)

Irms-mid

(
Ixm
2

)√
(dp − dn)−

(
cos(π(dp + dn)− 2θx) sin(π(dp − dn))

π

)

Current Expression for dp < dn

Irms-top

(
Ixm
2

)√
dp −

(
sin(πdp) cos(πdp − 2θx)

π

)

Irms-bot

(
Ixm
2

)√
(2− dn) +

(
sin(πdn) cos(πdn − 2θx)

π

)

Irms-mid

(
Ixm
2

)√
(dn − dp)−

(
cos(π(dn + dp)− 2θx) sin(π(dn − dp))

π

)

tzvs-trI or tex-zvs-trI, but is also reduced to zero near the grid angles where vpo = von = vpn/2.

Further details on the delay time are given in [30].

3.5.2 Conduction Loss Analysis of the T-Type Bridge

Accurate conduction loss estimation of the T-type bridge is essential for optimizing

the reactive behavior of the LCC tank and ensuring that conduction losses remain within

acceptable limits. This analysis is particularly important for selecting an appropriate ca-

pacitor value, Cps, which defines the overall reactive nature of the tank, as given in (3.30).

This estimation requires analytical computation of the RMS currents in the T-type bridge.

These currents are summarized in Table 3.3 for both dp > dn and dp < dn. Here, Irms-top

corresponds to the RMS current through the top-side MOSFETs, Sx1 and Sy1, while Irms-bot

corresponds to the RMS current through the bottom-side MOSFETs, Sx2 and Sy2. The
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Fig. 3.17: Comparison of the actual tank current magnitude, ix (green plots), for various
values of Cps with the minimum current required (orange plots) to achieve ZVS of the
MOSFETs in the T-type bridge during leading-edge transitions: (a) I and (b) II. Red-shaded
regions indicate insufficient tank current, resulting in partial ZVS or hard-switching. Based
on this analysis, Cps values below 113 nF are found to be suitable for ensuring complete
ZVS during both transitions.

term Irms-mid denotes the RMS current through the common-source-connected MOSFETs,

namely S+
x3, S

−
x3, S

+
y3, and S−

y3.

3.5.3 Optimized Selection of the Capacitor Cps

The ZVS analysis of the T-type bridge during transitions I and II, together with con-

duction loss estimation, can be used to determine an optimized value for the LCC tank

capacitor, Cps, which defines the reactive behavior of the tank. To achieve this, the value
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Fig. 3.18: Conduction losses of the T-type bridge at rated output power for various values
of Cps, combined with the minimum output power required to achieve ZVS of the T-type
bridge MOSFETs. This combined analysis aids in selecting an optimal Cps that ensures
ZVS while maintaining acceptable conduction losses.

of Cps is swept, and the corresponding magnitude of the tank current, ix, during transi-

tions I and II is calculated over the grid cycle using the FHA, since the current remains

nearly sinusoidal. Due to the periodic nature of the T-type bridge input dc-link voltages

over the grid cycle, as depicted in Fig. 3.3, the tank current behavior also exhibits period-

icity over the grid cycle. As a result, the analysis can be limited to the grid angle range

0 ≤ θgrid <
π
6 . The computed tank current magnitudes for these transitions are then com-

pared with the minimum currents required to achieve ZVS of the T-type bridge MOSFETs,

obtained from (3.44) and (3.57), as shown in Figs. 3.17(a) and 3.17(b) for transitions I and

II, respectively. The red-shaded regions in these plots indicate unsuitable values of Cps,

where the reactive behavior of the tank is insufficient to achieve ZVS, as the corresponding

tank current magnitudes during transitions fall below the required threshold. Based on this

analysis, capacitor values below 113 nF are found to be suitable for ensuring ZVS operation

during both transitions I and II. To finalize the value of the capacitor, conduction losses

of the T-type bridge at the rated output power are calculated for various values of Cps.

Additionally, this conduction loss analysis is combined with the minimum output power

required to achieve ZVS of the T-type bridge MOSFETs. The combined result is shown in

Fig. 3.18. Based on the ZVS and conduction loss analyses presented in Figs. 3.17 and 3.18,
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Fig. 3.19: Magnitude of the tank current, ix, along with the minimum current required to
achieve ZVS of the T-type bridge MOSFETs during (a) transition I and (b) transition II,
for the selected value of the capacitor Cps.

Fig. 3.20: ZVS times during transitions I and II, used to determine suitable values for the
dead time and the delay time, Tstg, for hardware verification.

an optimized value of Cps is selected as 112.1 nF. This value ensures a suitable reactive

behavior of the LCC tank for achieving complete ZVS of the MOSFETs while maintaining

acceptable conduction losses at rated output power.

Finally, for the selected value of the capacitor Cps, the magnitude of the tank current, ix,

along with the minimum current required to achieve ZVS of the T-type bridge MOSFETs,
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Table 3.4: Hardware parameters of the unfolding-based ac-dc converter.

Parameter Value

Nominal input voltage 480 V (l-l), 60 Hz

Battery voltage 649 V - 755 V

Output power 20 kW

T-type bridge switching frequency 85 kHz

Unfolder switching frequency Diodes - 60 Hz, IGBTs - 120 Hz

Grid inductance (Lg) 600 µH

Dc-link capacitors (Cpo, Con, Cpn) 4.5 µF

Lp 29.3 µH

Cpp 120.1 nF

Cps 112.1 nF

Cantilever model-based isolation parameters Ll = 37.5 µH, Lm = 996.2 µH

Cout 161.5 µF

is illustrated in Figs. 3.19(a) and 3.19(b) for transitions I and II, respectively. It can

be observed that the tank current remains higher than the minimum required for ZVS

throughout the grid cycle for both transitions I and II. In addition, the corresponding ZVS

times during these transitions are presented in Fig. 3.20. These ZVS time calculations are

particularly important for determining suitable values of the dead time and the delay time,

Tstg, to be used during the hardware implementation and verification process.

3.6 Experimental Validation

A 20-kW hardware prototype of an unfolding-based ac-dc system incorporating a T-

type bridge-based dc-dc converter, as shown in Fig. 3.21, is developed and tested to validate

the proposed leading-edge-aligned modulation strategy. The key hardware parameters are

summarized in Table 3.4. The 3-ϕ Unfolder is designed using IXYS WT1263YC200 diodes

and Infineon FZ1200R17KF6C-B2 IGBTs. The T-type bridge is implemented using Onsemi

NVH4L020N120SC1 and NVH4L040N120SC1 MOSFETs, where the NVH4L020N120SC1

devices are employed in the top and bottom positions, and the NVH4L040N120SC1 devices
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serve as common-source-connected switches. The body diodes of CREE CCS050M12CM2

MOSFETs are used to construct the secondary-side diode bridge. Grid emulation is carried

out using a California Instruments MX-30, while an NH Research 9300, operated in battery

mode, emulates the EV battery at the output. The proposed leading-edge-aligned modula-

tion strategy and the corresponding closed-loop control architecture are implemented using

the TMS320F28379D microcontroller.

Hardware verification begins with validating the steady-state operation of the proposed

leading-edge-aligned modulation strategy by observing the input grid-side, output, and reso-

nant tank waveforms. The ZVS operation of the T-type bridge MOSFETs is also confirmed.

Subsequently, the results for ac-dc efficiency and grid current THD are presented. Tran-

sient response results are included to evaluate dynamic operation. Finally, the performance

of the ac-dc system using the proposed modulation, enabling complete ZVS of the T-type

bridge MOSFETs, is compared against the center-aligned modulation previously employed

in Chapter 2, which results in hard-switching.

3.6.1 Steady-State Operation

Fig. 3.22(a) presents the steady-state waveforms of the Unfolder input ac phase-a volt-

age vān̄, input phase-a current ia, dc-link voltage vpo, and output battery load current ibatt

at the rated output power of 20 kW. The corresponding power analyzer data recorded using

the Yokogawa WT1806E is shown in Fig. 3.22(b). These results confirm that the proposed

leading-edge-aligned modulation strategy, combined with the closed-loop control, achieves

a high-quality grid current waveform with 2.3% THD and leads to an ac-dc efficiency of

96.51%. Figs. 3.23(a), 3.23(b), and 3.23(c) depict the T-type bridge output voltage vxy

and the tank current ix for three different dc-link voltage scenarios: (i) vpo = 512 V and

von = 130 V, (ii) vpo = 413 V and von = 260 V, and (iii) vpo = von = vpn/2 = 339.5 V.

A time delay, Tstg, of 200 ns is introduced between transitions I and II when vpo ̸= von ̸=

vpn/2, and is gradually reduced to zero as vpo and von approach vpn/2. The T-type bridge

output voltage, vxy, and current, ix, over the grid cycle are shown in Fig. 3.24. Although vxy

exhibits a 6-pulse waveform due to unfolding operation, its fundamental component, vxy1,
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Fig. 3.24: T-type bridge output voltage, vxy, and current, ix, over the grid cycle.

remains constant for a given power level, as discussed in Section 3.3.

The appropriate magnitude and polarity of the tank current, ix, achieved using the

leading-edge-aligned modulation strategy for various voltage transitions within a switching

period, are illustrated in Fig. 3.25. This figure captures the tank waveforms across the entire

grid cycle using the infinite persistence mode of the Tektronix MDO3014 oscilloscope. A

zoomed-in view highlighting critical transitions I and II is also included, demonstrating the

appropriate tank current that enables ZVS for the T-type bridge MOSFETs throughout

the grid cycle. Additionally, Fig. 3.25 is represented as a state-plane diagram in Fig. 3.26

to further emphasize the appropriate magnitude and polarity of ix during switching tran-

sitions across the grid cycle. Finally, the ZVS operation of the T-type bridge MOSFETs

is verified by simultaneously monitoring the drain-to-source voltage, vds, and the gate-to-

source voltage, vgs, waveforms during transitions I and II, as depicted in Fig. 3.27. It can

be observed that vds-sy3+ and vds-sy2 fall to zero before the corresponding gate voltages rise

to turn on S+
y3 and Sy2, confirming the ZVS operation of the MOSFETs during these two

critical transitions.

The ac-dc efficiency curve of the hardware prototype using the proposed leading-edge-

aligned modulation at various power levels is shown in Fig. 3.28, demonstrating a peak

efficiency of 96.51% at the rated output power of 20 kW. Additionally, the corresponding

grid current THD across these power levels is presented in Fig. 3.29. The proposed control
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Fig. 3.25: Variation of the T-type bridge output voltage vxy and tank current ix over a full
grid cycle, captured using the infinite persistence mode of a Tektronix MDO3014 oscillo-
scope. Zoomed-in waveforms of the critical transitions I and II are also shown.

Fig. 3.26: State-plane representation of the tank voltage and current, corresponding to
Fig. 3.25, highlighting the proper magnitude and polarity of ix during switching transitions
throughout the grid cycle for ZVS of the T-type bridge.
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Fig. 3.27: Verification of ZVS operation for the T-type bridge MOSFETs by capturing the
drain-to-source voltage, vds, and gate-to-source voltage, vgs, during transitions I and II.

Fig. 3.28: Measured ac-dc efficiency of the hardware prototype using the proposed leading-
edge-aligned modulation strategy across various power levels. A peak efficiency of 96.51%
is achieved at the rated output power of 20 kW.

Fig. 3.29: Measured grid current THD of the hardware prototype using the proposed
leading-edge-aligned modulation strategy across various power levels. A high-quality grid
current waveform is maintained throughout the power variation.

strategy ensures low THD across various power levels, validating the effectiveness of the

modulation scheme.
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3.6.2 Transient Responses

To verify the performance of the proposed closed-loop control architecture, designed

with appropriate bandwidth levels as shown in Figs. 3.10 and 3.13, the transient responses

of the ac-dc system are evaluated under three scenarios. In the first scenario, the battery

current reference, ibatt-ref, in the outer loop is subjected to a step change from 23.6 A

to 27.8 A, resulting in an increase in output power from 17 kW to 20 kW, as shown in

Fig. 3.30(a). The hardware response confirms stable outer-loop operation. In the second

scenario, the reference for the peak grid current, Igm, is changed from 34.8 A to 29.6 A,

reducing the output power from 20 kW to 17 kW. Here, the outer loop is bypassed, and the

inner-loop reference is directly modified. The hardware response in Fig. 3.30(b) confirms

that the inner loops operate properly under such transient conditions. Finally, in the third

scenario, a 10.8% step change is applied to the Unfolder phase-a ac input voltage, increasing

it from 250 V to 277 V. The closed-loop control maintains the load current and output power

while ensuring acceptable transient response time, as shown in Fig. 3.30(c).

3.6.3 Comparison of Leading-Edge-Aligned and Center-Aligned Modulation

Strategies

Fig. 3.31 compares the measured ac-dc efficiency of the proposed leading-edge-aligned

modulation, which enables complete ZVS of the T-type bridge MOSFETs, with a previously

utilized center-aligned modulation resulting in hard-switching. The efficiency data for the

center-aligned modulation is reproduced from Chapter 2. Both modulation strategies have

been implemented on the same 20 kW hardware platform. The proposed leading-edge-

aligned modulation achieves up to 0.76% higher efficiency at 20 kW output power. This

improvement may result from a combination of factors, including reduced switching losses

due to ZVS operation of the T-type bridge.

Moreover, the radiated EMI of the T-type bridge-based dc-dc converter within the

ac-dc system is measured using an antenna and a Tektronix RSA306B spectrum analyzer,

as shown in Fig. 3.32. While the absolute EMI levels may be influenced by measurement

bias, the results are primarily intended for comparative analysis between the proposed
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Fig. 3.31: Efficiency comparison between the proposed leading-edge-aligned modulation,
which enables ZVS of T-type bridge MOSFETs, and a previously used center-aligned mod-
ulation resulting in hard-switching. Data for the center-aligned modulation is reproduced
from Chapter 2.

Fig. 3.32: Measured radiated EMI spectra of the T-type bridge-based dc-dc converter with
the proposed leading-edge-aligned modulation and the previously used center-aligned mod-
ulation. EMI is measured using a Tektronix RSA306B spectrum analyzer and an antenna
placed 1.5 m from the converter. While the absolute EMI levels may be affected by mea-
surement biases, the results are primarily intended for comparative analysis.

leading-edge-aligned modulation and the previously used center-aligned modulation. The

EMI spectra indicate that the leading-edge-aligned modulation consistently exhibits lower

radiated EMI, attributed to the ZVS operation of the T-type bridge. A reduction of ap-

proximately 6 dB, equivalent to a twofold decrease, is observed at the 85 kHz switching
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frequency.

3.7 Conclusion

This chapter presents a detailed investigation of a leading-edge-aligned modulation

strategy in combination with a closed-loop control architecture to achieve ZVS in a resonant

T-type bridge used within an unfolding-based ac-dc conversion system for WPT applica-

tions. Various modulation strategies, including center-aligned and leading-edge-aligned, are

analyzed, highlighting the importance of the leading-edge-aligned approach in enabling ZVS

of the T-type bridge MOSFETs. The study confirms that accurate alignment of the leading

edges of the T-type bridge output quasi-square voltages is essential for maintaining ZVS

throughout the grid cycle. Analytical duty ratio expressions are derived and modulated

by a multi-loop closed-loop control architecture to simultaneously achieve PFC and output

power regulation through control of the HF T-type bridge operating at 85 kHz. The outer

loop regulates output power, while two inner loops maintain sinusoidal grid currents. Small-

signal modeling is employed to analyze system dynamics and ensure appropriate bandwidth

levels for each control loop, ensuring robust and stable dynamic performance under vary-

ing operating conditions. Additionally, a detailed ZVS analysis is presented to examine

critical switching transitions, incorporating the nonlinear behavior of the MOSFET output

capacitance through energy- and charge-equivalent capacitors. ZVS times are calculated to

determine appropriate timing parameters for hardware validation. The tank design is then

guided by this accurate ZVS analysis, combined with conduction loss calculations, to ensure

correct polarity and sufficient magnitude of the tank current during switching transitions,

while also minimizing conduction losses.

Finally, the proposed leading-edge-aligned modulation strategy, along with its control

architecture and comprehensive ZVS analysis, is experimentally validated on a 20 kW,

480 V grid-tied ac-dc hardware prototype. The results demonstrate complete ZVS opera-

tion throughout the grid cycle, achieving a peak ac-dc efficiency of 96.51% and a low grid

current THD of 2.3% at rated output power. Furthermore, a comparison with the center-

aligned modulation strategy, which exhibits hard-switching and is implemented on the same
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hardware prototype, shows a 0.76% improvement in efficiency and a 6 dB reduction (cor-

responding to a twofold decrease) in radiated EMI with the proposed leading-edge-aligned

modulation.



CHAPTER 4

GRID CURRENT IMPROVEMENT & HIGH-BANDWIDTH CONTROL USING

CURRENT EMULATION-BASED ACTIVE DAMPING

4.1 Introduction

Chapter 2 and Chapter 3 have employed an unfolding-based ac-dc system with a T-

type bridge-based dc-dc converter due to its dual-input voltage processing capability, which

enables efficient utilization of semiconductor devices. The T-type bridge-based dc-dc con-

verter maintains grid-side PFC, regulates output power, and provides galvanic isolation.

Operating the Unfolder at a maximum of twice the grid frequency with negligible switching

losses, while centralizing all control functions within the dc-dc converter, enhances power

density, efficiency, and design simplicity.

Despite their many advantages, unfolding-based topologies encounter two major chal-

lenges: input grid current distortion and instability caused by LC-resonance. Grid current

distortion arises at the sector boundaries of the grid voltages during each grid cycle, pri-

marily due to the HF operation of the dc-dc converter that generates HF currents bypassed

to the dc-link capacitors. These distortions increase the THD of the ac input currents.

Prior works [19, 56, 74] have addressed this issue by controlling the Unfolder or its third-

harmonic injection network. A passive damping network has also been suggested, which

affects the cost, efficiency, and power density of the system. Although effective, these solu-

tions tend to minimize the advantages of the low-frequency-switched Unfolder. In addition,

unfolding-based converters are prone to LC-resonance issues arising from the interaction

between the grid inductance and dc-link capacitors. This resonance detrimentally affects

closed-loop control by reducing the phase margin and rendering the closed-loop system un-

stable [58]. While the utilization of passive physical damping networks can alleviate this

control challenge [75], their integration results in heightened system costs and reduced power
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Fig. 4.1: A 3-ϕ passive damping network, incorporating RLC components, utilized in the
development of a 1-MW unfolding-based EV charger at Utah State University’s power
electronics laboratory.

density. Also, the approach of parallel connection of physical damping resistors across in-

put inductive filters, as done in [19,44], becomes unfeasible when utilizing the inherent grid

inductance for PFC, rather than incorporating additional inductive filters. Furthermore,

the dimensions and costs of such passive networks experience a substantial increase with

higher power levels, as exemplified in Fig. 4.1. The figure illustrates a cabinet with a passive

damping network comprising RLC components with dimensions of 6 ft (L) × 2 ft (W ) ×

7.5 ft (H), developed for a 1-MW unfolding-based EV-battery charging system [12], without

incorporating the contributions presented in this work. The overall cost of this cabinet with

a 3-ϕ passive damping network is around $15,000.

This chapter provides a comprehensive analysis of the fundamental cause of the current

distortion problem. An equivalent circuit model is developed to facilitate a better under-

standing of the issue. Furthermore, a control-based solution is proposed that leverages

the HF dc-dc converter through a current emulation technique [55, 76–78] to charge/dis-

charge the dc-link capacitors without disturbing the Unfolder. Moreover, given the severity

of the stability-related problem, this chapter undertakes a comprehensive examination of
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the unwanted LC resonance through the application of the EET as introduced by R. D.

Middlebrook [79–81]. EET is an effective tool for design-oriented analysis, aiding in the ex-

amination of complex circuits and systems to derive manageable equations crucial for design

purposes. This theorem allows one to quantify the impact of the additional impedance ele-

ment on any transfer function of interest [58], eliminating the need for re-solving the system.

In this study, an unfolding-based topology with a T-type converter and an LCC resonant

tank is utilized. This configuration heightens the complexity of deriving the plant transfer

function due to the increased number of tank elements and the variation of the pulsating

input voltages of the T-type bridge. Additionally, incorporating the interaction between the

grid inductance and dc-link capacitors further complicates the process of deriving the plant

transfer function. On the other hand, the application of EET helps to derive the modified

plant transfer function with the effect of this LC interaction without solving for the plant

transfer function all over again [58, 82–85]. Moreover, in unfolding-based topologies, where

the dc-dc converter undergoes variations in dc input voltages and corresponding duty ratios

throughout the grid cycle, the extent of the LC-resonance effect on the plant transfer func-

tion changes accordingly. Consequently, it becomes imperative to assess this LC-resonance

effect over the grid cycle. In this scenario, EET facilitates the identification of the worst-

case operating point when the impact of the LC interaction is most pronounced [58,82,84],

thereby minimizing the effort of performing the analysis throughout the grid cycle. Due to

these benefits, the EET becomes an effective and beneficial tool for comprehending and mit-

igating the adverse effects of the LC resonance on the closed-loop control of unfolding-based

converters. The application of the EET-based analytical framework involves deriving the

plant transfer function along with the EET parameters. This is accomplished through the

phasor transformation-based small-signal modeling given in Chapter 5 and [60–62, 86, 87].

In addition to analyzing the stability-related issue, a control-based approach is presented,

involving the utilization of the current emulation technique [68, 88–90] to actively damp

the LC resonance. This is achieved by modifying the control structure of the HF T-type

bridge-based dc-dc converter employed after the Unfolder. This solution eliminates the
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requirement for physical damping circuits, thereby enhancing power density and reducing

system costs.

The efficacy of the proposed current emulation-based active damping approach in miti-

gating both problems, grid current distortion and stability-related issues, is evaluated using

an EV battery charger circuit based on unfolding technology. Simulation results confirm

the stable operation of the overall control structure. Subsequently, a hardware prototype is

developed and tested, validating the effectiveness of the proposed solution.

4.2 Analysis and Mitigation of Sector Transition Distortions for Unfolding-

Based AC-DC Converters

4.2.1 Analysis of Current Distortions at Sector Boundaries

The transition of the switching state from sector 1 (0◦ ≤ θgrid < 60◦) to sector 2 (60◦ ≤

θgrid < 120◦) on the unfolding side, as shown in Fig. 2.2(d), is selected to understand

the cause of sector transition distortion. Conduction paths for the 3-ϕ grid and dc link

capacitors (Cpo, Con, and Cpn) currents during sector 1 are shown in Fig. 4.2(a). Only one

of the possible conduction paths on the T-type side is shown, and all others are mentioned

in [74].

The phasor representation of the input current (is) of a dc-dc converter as a function

of the output current (io) and the switching function (s) can be expressed as,

is = ℜ[s∗io] + ℜ[sioe2jωst], (4.1)

which clearly states that the input current has dc and twice the switching frequency compo-

nents. The HF components present in the input currents of p and n ports (idcp and idcn ) flow

through the dc link capacitors, which leads to HF ripples in the dc link voltages vpo, von,

and vpn. Due to these ripples, the soft dc link voltage vpo, which is approaching zero in the

vicinity of the sector transition, crosses the cut-in voltage of Da1 / body-diode of Sy1. This

leads to an undesirable turn-on of these diodes, which bypasses the dc link capacitor Cpo
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Fig. 4.3: Turn-on of parallel diodes when the dc link voltage (vpo) crosses the cut-in voltage
of the diodes in the vicinity of the sector transition from 1 to 2. This leads to the bypass
of the dc link capacitor (Cpo), which causes a deviation of the capacitor’s average voltage
from its ideal value at the sector boundary. Subsequently, the grid voltage charges the
capacitor again in sector 2 to track the ideal voltage waveform. This charging current
causes oscillations in the dc link voltage.

Fig. 4.4: Impression of the higher order harmonic voltage followed by the oscillations in
sector 2 on the grid inductor Lg of phase a.

momentarily through Da1 and Qa / body-diode of Sy1, S
+
y3, and S−y3, as shown in Fig. 4.2(b).

As the capacitor current becomes zero because of this bypass, it cannot charge/discharge,

which leads to a deviation in the capacitor average voltage from its ideal value at the sector

boundary, as shown in Fig. 4.3. This gives rise to the following circumstances:

1. The capacitor voltage deviation at the sector boundary impresses higher-order har-

monic voltages on the grid-side inductors Lg of phases a and c, as shown in Fig. 4.4.
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Fig. 4.5: Distortions in grid currents (ia and ic) during the sector transition from 1 to 2.

2. As Qa turns off in sector 2 after the sector boundary, the bypass is removed and the

grid voltages charge the capacitor again to track the ideal voltage waveform. The

charging current of the capacitor flows through the grid inductors, which leads to

second-order system oscillations in the dc link voltage vpo shown in Fig. 4.3.

Both of these factors cause oscillations in the grid currents ia and ic starting from the

sector boundary until they are completely damped by the reflected load resistance. These

distortions in grid currents are shown in Fig. 4.5.

An equivalent circuit model with fewer circuit components is developed to understand

the correlation between the current distortion magnitude and system parameters, as shown

in Fig. 4.6(a). In this model, the dc link capacitor is reflected on the grid side and a voltage

source vstep is connected, which is equal to the step voltage applied by the grid when the

bypass of the capacitor is removed after the sector boundary. This is analogous to the sector

transition scenario. Oscillations similar to the sector transition distortion are observed in

the inductor current of the circuit model, as shown in Fig. 4.6(b). Moreover, an equation

for these oscillations (icd) is derived below:

icd =
vstep
Rref

e−αt

(
β√

2β − 1
sin(γt+ δ)

)
,

α =
1

2RrefC
, β =

2R2
refC

Lg
,

γ = α
√
2β − 1, δ = tan−1

(√
2β − 1

1− β

)
,


(4.2)
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(a) (b)

Fig. 4.6: (a) Equivalent circuit model used to understand the current distortion problem,
(b) oscillations in the inductor current of the circuit model similar to the grid current
distortion.

Table 4.1: Current distortion magnitude obtained from the simulation of the system for
different parameters.

Parameter Value
Current distortion

magnitude (A)

Lg

(Cpo/on/pn = 7.5 µF,

Output power = 21 kW)

100 µH

200 µH

433 µH

4.37

3.93

3.13

Cpo/on/pn

(Lg = 433 µH,

Output power = 21 kW)

2 µF

5 µF

7.5 µF

2.53

2.75

3.13

Output power

(Lg = 433 µH,

Cpo/on/pn = 7.5 µF)

10 kW

16 kW

21 kW

1.57

2.77

3.13

where Rref is the reflected load resistance and C is the equivalent connected capacitor

reflected on the grid side given by 3Cpo/on.

According to (4.2), the magnitude of the current distortion increases with the increase

in dc link capacitance, decrease in grid inductance, and increase in load. vstep is also a

major factor that affects the current distortion. Table 4.1 shows the correlation between

the current distortion magnitude and system parameters, obtained from the simulation of

the system for different values of the dc link capacitance, grid inductance, and load. It can
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be observed that the correlation predicted by (4.2) matches the simulation results.

4.2.2 Mitigation of Current Distortions

The T-type converter connects to the two soft dc link voltages, vpo and von. So,

two duty ratios, dp and dn, corresponding to vpo and von, respectively, are modulated

to achieve the PFC action. Moreover, the T-type output voltage vxy is regulated for an

appropriate power transfer. As discussed earlier, sector transition distortion originates from

the deviation of the soft dc link voltages from their ideal values. Therefore, to mitigate the

problem, dc link voltages are made to track their ideal waveforms by charging/discharging

the capacitors as needed. To accomplish this, two current sources/sinks ipemu and inemu are

emulated by controlling the T-type converter such that the capacitors Cpo and Con can be

charged/discharged whenever their voltages deviate from the ideal values. Fig. 4.7 shows

the T-type converter supplying power to the load with the current sources iPp and iPn , and

also emulating the current sources/sinks ipemu and inemu to mitigate the sector transition

distortion.

From Fig. 4.7,

icpo = ip − iPp − ipemu. (4.3)

The T-type converter is controlled such that the switching average of the current iPp matches

the required wave-shape of ip over an entire grid cycle. This makes sure that grid currents

are piece-wise sinusoidal for PFC. Thus,

icpo = −ipemu. (4.4)

So, ipemu can be controlled to charge/discharge the capacitor Cpo as needed. To match the

soft dc link voltage vpo closely to its ideal value,

ipemu = kemu(vpo − vpoideal) = kemu∆vpo, (4.5)

where kemu is used to control the magnitude of the capacitive current. It can be observed
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Fig. 4.8: Control architecture of the T-type converter to regulate output power, maintain
PFC, and mitigate current distortion.

from (4.5) that when the p port capacitor voltage vpo becomes higher than vpoideal, the

capacitor Cpo is discharged by positive ipemu (i.e. negative icpo), and vice versa. This makes

sure that the capacitor tracks the ideal waveform correctly.

Similarly,

inemu = kemu(von − vonideal) = kemu∆von, (4.6)

which makes sure that the n port capacitor voltage von does not deviate. Combining the

PFC, output power regulation-based calculations given in Chapter 2 (which utilized center-

aligned modulation), and the sector transition distortion mitigation technique discussed
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Fig. 4.9: dp and dn plots at an output power of 21 kW without the current distortion
mitigation logic.

Fig. 4.10: dp and dn plots at an output power of 21 kW with the current distortion mitigation
logic.

here, the values of dp and dn are given as,

dp =
2

π
sin−1

(
Mi

(
sin(fp(θgrid)) +

ipemu

Im

))
,

dn =
2

π
sin−1

(
Mi

(
sin(fn(θgrid)) +

inemu

Im

))
,

 (4.7)

where Mi is the modulation index of the T-type converter, θgrid is the angle of vab, fp and

fn are the functions with respect to the grid angle, and Im is the peak of grid currents.

The overall control structure of the T-type converter is shown in Fig. 4.8. A PI controller

is used to regulate the output power by controlling Mi. Equation (4.7) uses Mi, θgrid, and

feed-forward terms ipemu and inemu to calculate dp and dn. The values of dp and dn with

and without the distortion mitigation logic are shown in Figs. 4.9 and 4.10.
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Table 4.2: Simulation and hardware parameters of the grid-tied EV-battery charger system.

Parameter Value

Nominal input voltage 480 V (l-l), 60 Hz ac 3-ϕ

Nominal battery voltage 710 V

Output power 21 kW

Grid inductance 433 µH

Dc link capacitance

(Cpo, Con, and Cpn)
7.5 µF

Lp 28.42 µH

Cpp 129.23 nF

Cps 175.29 nF

Transformer parameters

(Cantilever model)

Lleakage

Lmagnetizing

34.69 µH

782.76 µH

Cf 157.89 µF

kemu 0.1 A/V

4.2.3 Simulation Results and Experimental Validation

A 21 kW grid-tied unfolding-based EV-battery charger system is simulated in MATLAB

with a PLECS blockset. Moreover, a hardware prototype, as shown in Fig. 4.11, is built and

tested to prove the proposed control solution for the sector transition distortion problem.

The simulation and hardware parameters for the system are listed in Table 4.2. kemu is

selected such that the oscillations in dp and dn, shown in Fig. 4.10, do not exceed 10%

of their peaks. This makes sure that the emulated current sources/sinks do not affect the

output power drastically.

Simulation Results

The simulation results of the grid voltages and currents without the sector transition

distortion mitigation logic are shown in Fig. 4.12. It can be observed that grid currents
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Fig. 4.12: Grid voltages and currents without the current distortion mitigation logic. Dis-
tortions can be observed after every 60◦ interval.

Fig. 4.13: Grid voltages and currents with the current distortion mitigation logic. Reduction
in the magnitude of the distortions can be observed.

have undesirable distortions at every mains voltage sector boundaries. After implementing

the mitigation logic, the grid current waveforms are improved and are shown in Fig. 4.13.
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Fig. 4.14: Phase a grid voltage (van), current (ia), and soft dc link voltages (vpo, von)
without the current sources/sinks emulation at 21 kW output power. Phase a current has
significant distortions during sector transitions.

Fig. 4.15: 4.46% THD in phase a current (ia) is measured with Yokogawa WT1806E power
analyser at 21 kW output power without the distortion mitigation logic.

Experimental Validation

QRD6516001 diodes and QIC6508001 IGBTs are used to design the Unfolder. The
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Fig. 4.16: Phase a grid voltage (van), current (ia), and soft dc link voltages (vpo, von) with
the current sources/sinks emulation at 21 kW output power. Phase a current has lower
distortions during sector transitions.

Fig. 4.17: 1.94% THD in phase a current (ia) is measured with Yokogawa WT1806E power
analyser at 21 kW output power with the distortion mitigation logic.

T-type converter is designed using NVH4L020N120SC1 MOSFETs, and body-diodes of

CCS050M12CM2 MOSFETs are used for the diode bridge rectifier on the secondary side.
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Fig. 4.18: P, n ports currents (ip, in), and battery current (ibatt) supplying 21 kW power
without the distortion mitigation logic. Battery current has 360 Hz oscillations caused by
the deviation of vpo and von affecting the magnitude of vxy fundamental voltage.

Fig. 4.19: P, n ports currents (ip, in), and battery current (ibatt) supplying 21 kW power
with the distortion mitigation logic. Battery current has very low 360 Hz oscillations, as
the fundamental voltage of vxy is being regulated properly in this case.

California Instruments MX-30 is used to emulate the grid, and NH Research 9300 is used

in battery mode to emulate an EV battery, as shown in Fig. 4.11.

The hardware results of the phase a grid voltage, current, and soft dc link voltages

without the sector transition distortion mitigation logic are shown in Fig. 4.14. Distor-
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tions in phase a current can be observed, which leads to a higher 4.46% THD shown in

Fig. 4.15. Fig. 4.16 shows the reduction in the distortions in phase a current when the

current sources/sinks emulation logic is turned on. A significant improvement in phase a

grid current THD to 1.94% is observed, as shown in Fig. 4.17.

Figs. 4.18 and 4.19 show the p, n ports, and battery currents with and without the

current sources/sinks emulation. It can be observed that 360 Hz oscillations in the battery

current shown in Fig. 4.18 are reduced due to this emulation technique, as shown in Fig. 4.19.

This is because of vpo and von following their ideal values correctly, which helps to accurately

regulate the fundamental component of the T-type output voltage vxy.

4.3 High-Bandwidth Control of Unfolding-Based AC-DC Converters

As discussed in Chapter 3, leading-edge-aligned modulation requires high-bandwidth

closed-loop control to regulate the Unfolder output currents, ip and in, and shape the grid

currents sinusoidal. This section focuses on achieving such high-bandwidth control.

4.3.1 Review of Extra Element Theorem

As previously explained, the Unfolder switches are strategically operated at a maximum

of twice the grid frequency, converting every negative segment of ac input voltages into

a positive polarity. While advantageous in terms of reducing switching losses, the use

of low switching frequency introduces the possibility of LC resonance between the grid

inductance (Lg) and dc-link capacitors (Cpo, Con, and Cpn). To better understand this

resonance phenomenon, a transformative approach is taken by relocating the ∆-connected

dc-link capacitors to the grid side and representing them in a -connected configuration

(C = 3Cpo = 3Con = 3Cpn), as depicted in Fig. 4.20. It is crucial to highlight that the

occurrence of the LC resonance and the consequent reconfiguration of dc-link capacitors

to the grid side, essential for comprehending this resonance, are both made possible by

the lower switching frequency of the Unfolder. This frequency remains well below the LC
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-connected
capacitors. The output impedance of the LC branch, denoted as Zo, is a parallel combina-
tion of Lg and C Y.

resonant frequency1. On the other hand, such a scenario is not possible for HF-switched

grid-tied converters with stiff dc-link voltages. In these systems, the HF switching does not

allow sufficient time for the grid inductance and dc-link capacitors to interact with each

other, thereby effectively ensuring decoupling between the grid and dc sides.

The LC resonance causes changes in both the magnitude and phase of the plant in the

closed-loop control system. These changes can be quantified using the EET [58,79–81] as

Gplant-modified = Gplant-originalGcf , (4.8)

where

Gplant-original = Gplant|Zo→0 , (4.9)

Gcf =

(
1 +

Zo

Zn

)
(
1 +

Zo

Zd

) . (4.10)

In the above equations,

1In this study, the Unfolder switches operate at a maximum of 120 Hz, while the LC resonant frequency
is 1.77 kHz, as detailed in the experimental validation section.
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Zo = sLg

∣∣∣∣∣∣∣∣ ( 1

sC

)
=

sLg

1 + s2LgC
(4.11)

is the output impedance of the parallel-connected grid inductance, Lg, and equivalent -

connected capacitor on the grid side, C , as depicted in Fig. 4.20. Zn and Zd are the

null double injection driving point impedance and single injection driving point impedance,

respectively.

The correction factor, Gcf , is a function of Zo, Zn, and Zd. It quantifies the extent to

which the original plant transfer function, Gplant-original, is modified to Gplant-modified due to

the interaction of the output impedance, Zo, with the null double injection driving point

and single injection driving point impedances, Zn and Zd. Normally, when the resonance

is undamped, the magnitude of Zo, denoted as ∥Zo∥, exceeds ∥Zn∥ or ∥Zd∥ around the LC

resonant frequency, fLC , leading to a deviation of Gcf from unity. This leads to unfavorable

alterations in the original plant transfer function, causing instability in the closed-loop

system due to a decrease in the phase margin. Equations (4.8)-(4.10) suggest that to

maintain the plant transfer function unaffected by ensuring Gcf ≈ 1, the magnitude of Zo

must be kept much lower than the magnitudes of Zn and Zd. These criteria are given below:

∥Zo∥ ≪ ∥Zn∥ , and

∥Zo∥ ≪ ∥Zd∥ .
(4.12)

4.3.2 Plant Transfer Function and EET Parameters of the T-type Bridge-

Based DC-DC Converter

Computation of the Plant Transfer Function

As the Unfolder operates in open-loop mode, switching at a maximum of twice the grid

frequency, the closed-loop control architecture is designed solely for the HF T-type bridge-

based dc-dc converter to modulate the duty ratios, dp and dn, as demonstrated in Fig. 3.9.

Consequently, this study analyzes the effect of LC resonance on this closed-loop system,

which is designed for achieving grid-side PFC and output power regulation. These control
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objectives are achieved by maintaining waveshapes and amplitudes of the input p-port and

n-port currents (ip and in) of the T-type bridge. By separately controlling ip and in, the

grid currents, which are piece-wise functions of these p-port and n-port currents (refer to

Fig. 3.3(b)), are kept sinusoidal. Furthermore, maintaining the required amplitudes of ip

and in ensures the proper regulation of the output power. Due to the symmetry between p-

port and n-port controls, the analysis ahead mainly focuses on the p-port control. However,

a similar analysis is applicable to the n-port control as well. In this closed-loop control

architecture, a plant transfer function of the p-port (Gplant-p-port) is calculated between the

small-signal p-port current (̂ip) and the small-signal p-port duty ratio (d̂p), given as

Gplant-p-port =
îp

d̂p
. (4.13)

The implementation of an LCC resonant tank with a suitable quality factor facili-

tates the achievement of sinusoidal current or voltage waveforms on both the primary and

secondary sides of the dc-dc conversion system. In this context, employing a small-signal

modeling approach based on phasor transformation, as outlined in Chapter 5 and [25,60–62],

is considered suitable. The modeling procedure for calculating Gplant-p-port involves mainly

three steps:

1. Steady-state analysis to derive the relationship between steady-state p-port current,

Ip, and corresponding steady-state p-port duty ratio, Dp, given as

Ip =
2

π
Ixm cos

(π
2
(1−Dp) + Θx

)
sin

(
πDp

2

)
. (4.14)

2. Derivation of a small-signal phasor-transformed circuit for the T-type bridge, LCC

resonant network with a transformer, along with the diode bridge on the secondary

side, as shown in Fig. 4.21.

3. Calculation of the plant transfer function using the phasor-transformed small-signal

circuit, given as



122

L p
jω

sL
p

C p
p

C p
s

L l
jω

sL
l L m

jω
sL

m

C o
ut

Z b
at

t

   
 i b

at
t

jω
sC

pp

1
jω

sC
ps

1
i ou

t

   
   
i x

v p
ri

v s
ec

v o
ut

i p i n

idc nidc nidc pidc p

p o n

i se
c

i se
c

v x
y

T-
ty

pe
 b

rid
ge

 
LC

C
 ta

nk
Tr

an
sf

or
m

er
D

io
de

 b
rid

ge

F
ig
.
4.
21

:
S
m
a
ll
-s
ig
n
al

ci
rc
u
it

in
p
h
a
so
r-
tr
an

sf
or
m
ed

re
p
re
se
n
ta
ti
on

fo
r
th
e
T
-t
y
p
e
b
ri
d
ge
-b
as
ed

d
c-
d
c
co
n
v
er
si
on

sy
st
em

,
in
co
rp
o-

ra
ti
n
g
an

L
C
C

re
so
n
an

t
ta
n
k
w
it
h
a
ca
n
ti
le
ve
r-
m
o
d
el
ed

tr
an

sf
or
m
er
,
se
co
n
d
ar
y
d
io
d
e
b
ri
d
ge

re
ct
ifi
er
,
an

d
ou

tp
u
t
ca
p
ac
it
iv
e
fi
lt
er
.

O
u
tp
u
t
b
a
tt
er
y
is

re
p
re
se
n
te
d
w
it
h
it
s
im

p
ed

an
ce

in
th
e
sm

al
l-
si
gn

al
d
om

ai
n
.



123

Gplant-p-port =
îix-envp

î
dp
x-env

î
dp
x-env

d̂p
+
îθxp

θ̂
dp
x

θ̂
dp
x

d̂p
+
î
dp
p

d̂p
, (4.15)

where

îix-envp

î
dp
x-env

=
2

π
cos
(π
2
(1−Dp) + Θx

)
sin

(
πDp

2

)
, (4.16)

îθxp

θ̂
dp
x

= − 2

π
Ixm sin

(π
2
(1−Dp) + Θx

)
sin

(
πDp

2

)
, (4.17)

î
dp
p

d̂p
= Ixm sin (πDp −Θx) , (4.18)

î
dp
x-env

d̂p
=

A0

B1s+B0
, (4.19)

θ̂
dp
x

d̂p
=

C0

D1s+D0
. (4.20)

Due to the complexity of small-signal modeling for the T-type bridge-based dc-dc sys-

tem with an LCC tank, this study provides only first-order simplified expressions for î
dp
x-env/d̂p

and θ̂
dp
x /d̂p to maintain brevity; these quantities, in fact, represent tenth-order behavior. It

should be noted that these simplifications still accurately preserve the magnitude and phase

of the plant transfer function, Gplant-p-port, with precision in the vicinity of the LC resonant

frequency, as depicted in Fig. 4.22, providing readers with a valuable tool for analysis. The

expressions for A0, B0, B1, C0, D0, and D1 are provided in [25].

In (4.14)-(4.20), Dp, Θx, Ixm, Ixr, Ixi, Vpo, Θsec, Isec-m, Isec-r, Isec-i, and Vsec-m are the

steady-state quantities of the T-type bridge-based dc-dc conversion system calculated at

a specific grid angle where the plant transfer function, Gplant-p-port, is being derived. Θx

represents the amount of phase lag of the T-type bridge output current. Ixm, Ixr, and Ixi

correspond to the magnitude, real, and imaginary components of the T-type bridge output

current phasor (
#»

Ix), respectively. Θsec denotes the amount of phase lag of the secondary-side

current flowing into the diode bridge. Isec-m, Isec-r, and Isec-i refer to the magnitude, real,

and imaginary components of the secondary-side current phasor (
#   »

Isec), respectively. Vsec-m,

Vsec-r, and Vsec-i are the magnitude, real, and imaginary components of the secondary-side
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Fig. 4.22: Comparison of Bode plots of the plant (Gplant-p-port = îp/d̂p) of the T-type bridge-
based dc-dc conversion system, obtained from the complete higher-order and simplified
phasor transformation-based small-signal modeling. It can be observed that the simplified
modeling closely preserves the magnitude and phase of the plant transfer function up to
10 kHz. Since the LC resonant frequency typically resides below this value, the simplified
phasor transformation-based modeling provides a valuable tool for analysis.

Fig. 4.23: Comparison of Bode plots of the plant (Gplant-p-port = îp/d̂p) of the T-type
bridge-based dc-dc conversion system, obtained from the complete higher-order phasor
transformation-based small-signal modeling and PLECS multitone analysis-tool-based sim-
ulation.

voltage phasor (
#    »

Vsec), respectively.

Moreover, îix-envp and îθxp are perturbations in the p-port current, ip, of the T-type bridge

that depend upon small-signal changes in the envelope (̂i
dp
x-env) and phase (θ̂

dp
x ) of the T-

type bridge output tank current phasor (
#»
ix), respectively. These perturbations occur due to

small-signal deviations introduced in the p-port duty ratio, dp. Furthermore, î
dp
p represents

the direct effect of the small-signal change in dp on p-port current, ip. The p-port plant

transfer function, Gplant-p-port, is calculated by combining all these perturbations together,
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as given by (4.15).

For a thorough examination, a complete higher-order plant transfer function without

any simplifications is considered in subsequent sections for analyzing the effect of the LC

resonance phenomenon. The Bode plots of Gplant-p-port derived from the complete higher-

order phasor transformation-based modeling are validated by comparison with Bode plots

obtained using the multitone analysis (PLECS simulation tool), as illustrated in Fig. 4.23.

Computation of Zn

Fig. 4.24(a) illustrates the circuit utilized to calculate null double injection driving

point impedance, Zn-p-port, for the p-port closed-loop control of the T-type bridge-based

dc-dc conversion system. In the presence of d̂p, a current îtest is injected at the input p-port

of the T-type bridge, and the d̂p and îtest are adjusted in such a way that the output of the

plant transfer function (Gplant-p-port), which is îp, is nulled. Under these conditions, v̂test is

computed, and

Zn-p-port =
v̂test
îtest

∣∣∣∣̂
ip

null−−→0

. (4.21)

However, in this case where îtest equals îp, and the latter is nulled to zero, Zn-p-port remains

consistently infinite,

Zn-p-port = ∞ . (4.22)

Intuitively, as mentioned in [58], the null double injection driving point impedance,

Zn-p-port, can be understood as the impedance that would be measured at the input p-

port terminals of the T-type bridge if an ideal feedback loop perfectly regulated the p-port

current, thus making the disturbance in the current, îp, equal to zero.

Computation of Zd

Fig. 4.24(b) illustrates the circuit utilized to calculate single injection driving point

impedance, Zd-p-port, for the p-port closed-loop control of the T-type bridge-based dc-dc

conversion system. The input d̂p is made equal to zero, and the current îtest is injected at
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the input p-port of the T-type bridge. The quantity Zd-p-port is then derived as

Zd-p-port =
v̂test
îtest

∣∣∣∣
d̂p=0

. (4.23)

Intuitively, as mentioned in [58], the single injection driving point impedance, Zd-p-port,

can be understood as the impedance that would be measured at the input p-port termi-

nals of the T-type bridge if the dc-dc converter is operated in open-loop, thus making the

disturbance in the duty, d̂p, equal to zero.

The three-step procedure for the phasor transformation-based small-signal modeling

discussed earlier is employed to calculate Zd-p-port, as given by

Zd-p-port =
1

îix-envtest

îvtestx-env

îvtestx-env

v̂test
+
îθxtest

θ̂vtest
x

θ̂vtest
x

v̂test

,
(4.24)

where

îix-envtest

îvtestx-env

=
2

π
cos
(π
2
(1−Dp) + Θx

)
sin

(
πDp

2

)
, (4.25)

îθxtest

θ̂vtest
x

= − 2

π
Ixm sin

(π
2
(1−Dp) + Θx

)
sin

(
πDp

2

)
, (4.26)

îvtestx-env

v̂test
=
E0

F0
, (4.27)

θ̂vtest
x

v̂test
=
G0

H0
. (4.28)

Similar to the procedure for calculating the plant transfer function, deriving Zd-p-port

using phasor transformation-based modeling for the T-type bridge-based dc-dc conversion

system involves complexities. Therefore, simplified expressions for îvtest
x-env/̂vtest and θ̂vtest

x /̂vtest

are provided to maintain brevity. It is important to note that these simplifications approx-

imately preserve the magnitude of Zd-p-port around the LC resonant frequency, as depicted

in Fig. 4.25, offering readers a valuable tool for analyzing the criteria given in (4.12). The

expressions for E0, F0, G0, and H0 are provided in [25].
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Fig. 4.25: Comparison of the magnitude Bode plots of Zd-p-port at a grid angle of θgrid =
π/15 obtained from the complete higher-order and simplified phasor transformation-based
modeling. It can be observed that the simplified modeling closely preserves the magnitude
of the single injection driving point impedance at lower frequencies, where the LC resonant
frequency typically resides. Therefore, the simplified phasor transformation-based modeling
provides a valuable tool for analyzing the criteria given in (4.12).

Fig. 4.26: Comparison of Bode plots of the single injection driving point impedance,
Zd-p-port, at a grid angle of θgrid = π/15 obtained from the complete higher-order pha-
sor transformation-based small-signal modeling and PLECS multitone analysis-tool-based
simulation.

In (4.24)-(4.28), îix-envtest and îθxtest are perturbations in the p-port injected test current

(itest) of the T-type bridge that depend upon small-signal changes in the envelope (̂ivtestx-env)

and phase (θ̂vtest
x ) of the T-type bridge output tank current phasor (

#»
ix), respectively. These

perturbations occur due to small-signal deviations in vtest. The p-port single injection driv-

ing point impedance, Zd-p-port, is calculated by combining all these perturbations together,

as given by (4.24).

For a thorough examination, the analysis ahead utilizes a complete higher-order Zd-p-port

without any simplifications to analyze the effect of the LC resonance phenomenon. The

Bode plots of Zd-p-port, derived by the complete higher-order phasor transformation-based

modeling, have been verified by comparing them with Bode plots given by multitone analysis
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Fig. 4.27: (a) Variation of ∥Zd-p-port∥ at f = fLC throughout the grid cycle due to (b) the
variation in the steady-state duty ratios, Dp and Dn, of the T-type bridge to maintain PFC
and output power regulation.

(using the PLECS simulation tool), as depicted in Fig. 4.26, at a grid angle of θgrid = π/15.

Due to the variation of steady-state duty ratios of the T-type bridge across the grid cycle

to maintain PFC and output power regulation, as illustrated in Fig. 4.27(b), the magnitude

and phase Bode plots of Zd-p-port also undergo changes throughout this grid cycle. The

corresponding variation of ∥Zd-p-port∥ at the LC resonant frequency over the grid cycle is

depicted in Fig. 4.27(a).

4.3.3 Effect of LC Resonance on Closed-Loop Control of the T-type Bridge-

Based DC-DC Conversion System

It can be observed from the criteria given in (4.12) that the plant transfer function

gets more significantly influenced by the LC resonance when the ∥Zn∥ or ∥Zd∥ are lower.

Consequently, the subsequent analysis focuses on the worst-case scenario observed over the

grid cycle, particularly when ∥Zd-p-port∥f=fLC
reaches its minimum value of 41.27 dB at

θgrid = (2nπ/3 ± π/15), where n ∈ {0, 1, 2, 3, ...}, as illustrated in Fig. 4.27(a). It is crucial

to reiterate that ∥Zn-p-port∥ maintains an infinite value throughout the grid cycle, thereby

eliminating the need for further analysis, as it being infinity consistently satisfies one of the
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criteria outlined in (4.12).

In Fig. 4.28(a), the presence of LC resonance is evident from the magnitude plot of Zo,

occurring at the resonant frequency of 1.77 kHz
(
fLC = 1/

(
2π
√
LgC

))
. This resonance

interacts with ∥Zd-p-port∥ and significantly impacts the correction factor, Gcf , causing it to

deviate from unity, as calculated below using (4.10)

Gcf =

(
1 +

Zo

Zn-p-port

)
(
1 +

Zo

Zd-p-port

) (4.29)

and shown in Fig. 4.28(b). The deviation in Gcf from unity results in modifications to

both the magnitude and phase Bode plots of the original plant transfer function, denoted

as Gplant-p-port-original in this section and given in (4.15). These modifications are calculated

using (4.8) as given below

Gplant-p-port-modified = Gplant-p-port-originalGcf (4.30)

and are depicted in Fig. 4.28(c). It is observable that the modified plant transfer function,

Gplant-p-port-modified, has experienced significant changes as a consequence of the resonance

between the grid inductance and dc-link capacitors, leading to an additional ‘−360◦’ phase

shift in the phase Bode plot at the resonant frequency.

The negative phase shift introduced by the LC resonance in the plant transfer function

poses challenges for a PI controller in achieving a positive phase margin and, consequently,

stable closed-loop control. This challenge becomes particularly pronounced when the control

bandwidth closely approaches or exceeds the LC resonant frequency. It is important to note

that the controlled currents, ip and in, are 180 Hz quantities (three times the grid frequency,

fgrid), as illustrated in Fig. 3.3(b). To effectively regulate these currents under both steady-

state and dynamic conditions, it is advisable to have a control bandwidth greater than ten

times their fundamental frequency of 180 Hz. However, this preference brings the control

bandwidth close to the LC resonant frequency, posing challenges for a PI controller to



131

(a)

(b)

(c)

Fig. 4.28: The Bode plots depict: (a) the interaction of LC resonance with the mag-
nitude of Zd-p-port; (b) the correction factor, Gcf , showing the deviation from unity at-
tributed to the LC resonance as given by (4.10); and (c) the original plant transfer function
(Gplant-p-port-original) undergoing significant modifications because of the LC resonance, no-
tably characterized by a ‘−360◦’ phase shift in the phase Bode plot. The modified plant
transfer function is denoted as Gplant-p-port-modified.

maintain stable closed-loop operation at such a higher bandwidth level due to the negative

phase shift caused by the resonance.
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Fig. 4.29: The interaction between the grid inductance and dc-link capacitors leads to LC
oscillations in the dc-link voltages, vpo, von, and vpn. The time period of these oscillations
is given as tLC = 1/fLC = 2π

√
LgC Y.

4.3.4 Active Damping Using Current Emulation Technique

The interaction between the grid inductance and dc-link capacitors causes oscillations

in dc-link voltages, vpo, von, and vpn, as depicted in Fig. 4.29. To actively damp these oscilla-

tions, current sources/sinks (ip-emu and in-emu) are emulated using the T-type bridge-based

dc-dc converter, in conjunction with current sources iPp and iPn responsible for powering

the output battery. These emulated currents, illustrated in Fig. 4.30(a), either charge or

discharge the dc-link capacitors when their voltages deviate from ideal values because of

LC oscillations. These current sources/sinks, which help eliminate the LC oscillations in

dc-link voltages, are given as

ip-emu = kemu (vpo-ideal − vpo) = kemu∆vpo , (4.31)

in-emu = kemu (von-ideal − von) = kemu∆von , (4.32)

where kemu denotes the proportionality constant. It is important to note that addressing vpo

and von inherently takes care of LC oscillations present in vpn as per KVL. The voltages vpo

and von, affected by the LC resonance, predominantly consist of the fundamental compo-
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nents of 3fgrid and fLC frequencies (neglecting switching frequency components caused by

the dc-dc converter operation). Additionally, as the 3fgrid-frequency components of these

dc-link voltages closely match the ideal waveforms, and the ideal dc-link voltages do not

have fLC-frequency components, (4.31) and (4.32) can be simplified to

ip-emu=kemu

(
∆vpo|3fgrid + ∆vpo|fLC

)
=−kemu vpo|fLC

, (4.33)

in-emu=kemu

(
∆von|3fgrid + ∆von|fLC

)
=−kemu von|fLC

, (4.34)

where vpo|fLC
and von|fLC

are LC oscillations present in the actual vpo and von voltages.

Consequently, the emulated current sources/sinks, ip-emu and in-emu, comprise only fLC-

frequency components.

Furthermore, by disregarding the negligible grid-frequency voltage drop across the grid

inductances2, the voltages across these inductances primarily exhibit fLC-frequency com-

ponents. This phenomenon arises due to LC oscillations present in the Unfolder’s input

line-to-line voltages, which are essentially piece-wise related to the dc-link voltages, vpo, von,

and vpn. These voltages across the grid-side inductances are therefore given by

vj-Lg

∣∣
fLC

= − v j̄n

∣∣
fLC

... j ∈ {a, b, c} , (4.35)

where v j̄n (j ∈ {a, b, c}) are the Unfolder input phase voltages. By combining (4.33)-(4.35)

with the understanding that v j̄n are fundamentally related to dc-link voltages, the voltages

across grid inductances can be expressed as

vj-Lg

∣∣
fLC

= f(vpo|fLC
, von|fLC

)

= f

(
ip-emu

kemu
,
in-emu

kemu

)
.

(4.36)

As the T-type bridge-based dc-dc system provides balanced loading at the output of the

Unfolder which operates at a much lower frequency than the LC resonant frequency, a

2The grid inductance required for PFC in unfolding-based ac-dc topologies is significantly low [12].
Hence, the voltage drop across this inductance, proportional to ωgridLg, is considered negligible [19].



134

(b
)

(a
)

(c
)

D
c-

dc
 c

on
ve

rte
r

idc pidc p

i a i b i c

v a
n

v b
n

v c
n

n

a b c

L g L gL g
a cbb

C
ou

t

P p P n

P p
n

V b
at

t

i ba
tt

U n f o l d e r

p o n

C
on i co
n

i p-
em

u

i n-
em

u

i P i Pp n

idc nidc n

i p i n

Z b
at

t

C
po

C
pn

i cp
o

i cp
o

i cp
n

Eq
ui

va
le

nt
 d

c-
lin

k 
ca

pa
ci

to
rs

 a
nd

 e
m

ul
at

ed
 

cu
rre

nt
s o

n 
th

e 
gr

id
 si

de

v a
n

v b
n

v c
n

a b c

L g L gL g

U
nf

ol
de

r 
w

ith
 

dc
-d

c 
co

nv
er

te
r

C
C

C

n
V b

at
t

Z b
at

t

a

cc

bb

a

c

b

LC
-re

so
na

nt
 

fre
qu

en
cy

 v
ie

w

L g L gL g

U
nf

ol
de

r 
w

ith
 

dc
-d

c 
co

nv
er

te
r

C
C

C

Z b
at

t
R d

am
p-

em
u

R d
am

p-
em

u

R d
am

p-
em

u

a

cc

bb

a

c

b
i a-

em
u i b-

em
u i c-

em
u

F
ig
.
4.
30

:
(a
)
i P

p
an

d
i P

n
su
p
p
ly

p
ow

er
to

th
e
ou

tp
u
t
b
at
te
ry
,
w
h
il
e
i p

-e
m
u
an

d
i n

-e
m
u
ar
e
em

u
la
te
d
to

p
ro
v
id
e
ac
ti
ve

d
am

p
in
g;

(b
)
eq
u
iv
al
en
t

Y -c
on

n
ec
te
d
d
c-
li
n
k
ca
p
a
ci
to
rs

an
d
em

u
la
te
d
cu

rr
en
ts

on
th
e
gr
id

si
d
e;

an
d
(c
)
em

u
la
te
d
cu

rr
en
t
so
u
rc
es
/s
in
k
s
ca
n

b
e
v
ie
w
ed

as
d
am

p
in
g
re
si
st
or
s,
R

d
a
m
p
-e
m
u
,
co
n
n
ec
te
d
ac
ro
ss

th
e
gr
id

in
d
u
ct
an

ce
s
in

th
e
f L

C
-f
re
q
u
en

cy
d
om

ai
n
.



135

transformative approach can be taken. This involves relocating the ∆-connected dc-link

capacitors along with the emulated currents, ip-emu and in-emu, to the grid side and rep-

resenting them in a -connected configuration, as depicted in Fig. 4.30(b). The values of

these individual emulated phase currents are

ia-emu = −kemu

(
vāb̄|fLC

− vc̄ā|fLC

)
= 3kemu va-Lg

∣∣
fLC

, (4.37)

ib-emu = −kemu

(
vb̄c̄|fLC

− vāb̄|fLC

)
= 3kemu vb-Lg

∣∣
fLC

, (4.38)

ic-emu = −kemu

(
vc̄ā|fLC

− vb̄c̄|fLC

)
= 3kemu vc-Lg

∣∣
fLC

. (4.39)

From the above equations, it becomes apparent that the emulated current sources/sinks

introduce additional currents into the system, which are directly proportionate to the volt-

ages across the grid inductances. Consequently, these currents mimic virtual resistors placed

across the grid inductances by emulating additional currents that should flow into the vir-

tual resistors (= vj-Lg

∣∣
fLC

/Rdamp-emu). Designated as Rdamp-emu, the virtual resistor is

emulated in the higher fLC-frequency domain and is a function of the parameter kemu. An

illustration of this interpretation of the emulated currents is presented in Fig. 4.30(c). Upon

examination of (4.37)-(4.39), the value of Rdamp-emu can be computed as 1/(3kemu).

ip-emu and in-emu are emulated by incorporating feedforward terms in the closed-loop

control of the T-type bridge-based dc-dc system, as depicted in Fig. 4.31, while determining

the duty ratios dp and dn. These modified duty ratios are given as

dp =
2

π
sin−1

(
mp

(
sin(fp(θgrid))−

ip-emu

Igm

))
, (4.40)

dn =
2

π
sin−1

(
mn

(
sin(fn(θgrid))−

in-emu

Igm

))
, (4.41)

where mp and mn represent the p-port and n-port modulation indices, respectively, which

are outputs of the PI controllers. θgrid is the angle of vāb̄ determined by the PLL. fp and

fn denote functions with respect to θgrid, as specified in Table 4.3, and Igm is the peak of

grid currents.
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dn

dp
Equations 

(4.40) and (4.41)

vpo-ideal

vpo

von-ideal

von

ip

in

in-ref

ip-ref PI

PI mn

mp

ip-emu

in-emu

θgrid 

kemu

kemu

Feedback control

Feedforward control

Feedforward control

Fig. 4.31: The control structure of the T-type bridge-based dc-dc conversion system, en-
suring output power regulation and input PFC through feedback control. Simultaneously,
active damping is provided using emulated current sources/sinks via a feedforward tech-
nique.

Table 4.3: Values of fp and fn used to calculate dp and dn for different ac-voltage sectors.

Sector Grid angle (∠vāb̄) fp fn

1 0 ≤ θgrid < π/3 θgrid + π/2 θgrid + π/6

2 π/3 ≤ θgrid < 2π/3 θgrid − π/6 θgrid + π/6

3 2π/3 ≤ θgrid < π θgrid − π/6 θgrid − π/2

4 π ≤ θgrid < 4π/3 θgrid − 5π/6 θgrid − π/2

5 4π/3 ≤ θgrid < 5π/3 θgrid − 5π/6 θgrid − 7π/6

6 5π/3 ≤ θgrid < 2π θgrid + π/2 θgrid − 7π/6

Utilizing the current emulation-based active damping, the LC resonance between the

grid inductance and dc-link capacitors is effectively damped, as illustrated in Fig. 4.32(a).

The chosen value of Rdamp-emu = 9Ω is considered suitable. This ensures that, over the grid

cycle, the magnitude of the damped LC resonance, ∥Zo-damped∥f=fLC
= Rdamp-emu = 19.08

dB, remains at least 20 dB lower (i.e., 1/10th) than the minimum value of ∥Zd-p-port∥f=fLC

= 41.27 dB (check Fig. 4.27(a)) at the resonant frequency. This meets the criteria3 out-

3In this study, the condition related to ∥Zn-p-port∥ is always satisfied due to its infinite value.
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(a)

(b)

(c)

Fig. 4.32: The Bode plots illustrate (a) the damping of the LC resonance using Rdamp-emu =
9 Ω achieved through the current emulation technique; (b) the correction factor Gcf main-
tained close to unity; and (c) the comparison between the original plant transfer function
(Gplant-p-port-original) and the modified plant transfer function (Gplant-p-port-modified), indicat-
ing that the plant is negligibly affected by the LC resonance due to the current emulation-
based active damping.

lined in (4.12) and ensures that the correction factor, Gcf , stays close to unity (check

Fig. 4.32(b)). Consequently, the plant transfer function, Gplant-p-port, remains unaffected,

as depicted in Fig. 4.32(c). Observing this figure, it becomes apparent that the modified

plant transfer function, Gplant-p-port-modified, closely matches the original plant transfer func-
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Table 4.4: Hardware parameters of the unfolding-based ac-dc converter.

Parameter Value

Nominal input voltage 480 V (l-l), 60 Hz

Battery voltage 649 V - 755 V

Output power 20 kW

T-type bridge switching frequency 85 kHz

Unfolder switching frequency Diodes - 60 Hz, IGBTs - 120 Hz

Grid inductance (Lg) 600 µH

Dc-link capacitors (Cpo, Con, Cpn) 4.5 µF

Equivalent grid-side capacitors (C ) 13.5 µF

LC resonant frequency (fLC) 1.77 kHz

Lp 29.3 µH

Cpp 120.1 nF

Cps 112.1 nF

Cantilever model-based isolation parameters Ll = 37.5 µH, Lm = 996.2 µH

Cout 161.5 µF

kemu 0.037 A/V

Rdamp-emu 9 Ω

Table 4.5: PI controller (GPI) parameters for various closed-loop bandwidth levels.

Bandwidth (Hz) Kp-PI Ki-PI

300 0.001 36.6

1800 0.001 251.4

3000 0.001 380.1

tion, Gplant-p-port-original, with negligible magnitude and phase deviations of −0.6 dB and

−1.3◦, respectively, at the resonant frequency. Notably, there is no undesirable ‘−360◦’

phase shift in the phase Bode plot, as observed in the case without active damping. This

allows a PI controller to achieve a positive phase margin and ensure stable closed-loop

operation of the T-type bridge-based dc-dc conversion system.
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Fig. 4.33: Simulation results of the 20-kW unfolding-based ac-dc system reveal unstable
oscillatory responses in both battery and grid currents when the active damping based on
current emulation is disabled at t = 0.07 sec. In this case, the closed-loop bandwidth is
configured to 1.8 kHz, closely aligned with the LC resonance at 1.77 kHz.

Fig. 4.34: Simulation-based step response of the unfolding-based ac-dc system at the closed-
loop bandwidth of 1.8 kHz with active damping enabled. The output power has given a
step change from 15 kW to 20 kW at t = 0.06 sec.

4.3.5 Simulation Results

A 20-kW grid-tied unfolding-based EV-battery charging system with a T-type bridge-

based dc-dc converter is simulated using PLECS. The system parameters used for the

simulation are given in Table 4.4. The simulation results, as presented in Fig. 4.33, reveal

unstable oscillations in both battery and grid currents when the active damping based on

current emulation is turned off. This instability arises due to the observed ‘−360◦’ phase

shift in the phase Bode plot of the plant transfer function, Gplant-p-port, when the active

damping is disabled. Consequently, a negative phase margin is obtained by utilizing a
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Fig. 4.35: Simulation results of the 20-kW unfolding-based ac-dc system reveal unstable
oscillatory responses in both battery and grid currents when the active damping based on
current emulation is disabled at t = 0.07 sec. In this case, the closed-loop bandwidth is
configured to be 3 kHz, which is much higher than the LC resonance at 1.77 kHz.

Fig. 4.36: Simulation-based step response of the unfolding-based ac-dc system at the closed-
loop bandwidth of 3 kHz with active damping enabled. The output power has given a step
change from 15 kW to 20 kW at t = 0.06 sec.

PI controller configured (check Table 4.5) to attain a closed-loop bandwidth of 1.8 kHz,

slightly above the LC resonant frequency of 1.77 kHz. The stable performance of the active

damping is also checked in transient conditions by giving a step change in the output power,

from 15 kW to 20 kW, as shown in Fig. 4.34.

Moreover, the active damping is tested at a bandwidth level of 3 kHz, significantly

higher than the LC resonant frequency. The corresponding simulation results provided in

Fig. 4.35 demonstrate the stable operation of the unfolding-based ac-dc system when the

active damping is enabled. A stable transient response at this higher bandwidth level is
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depicted in Fig. 4.36, where the output power of the converter undergoes a step change

from 15 kW to 20 kW.

4.3.6 Experimental Validation

A 20-kW hardware prototype of an unfolding-based ac–dc system with a T-type bridge-

based dc-dc converter, as depicted in Fig. 4.37, is built and tested to validate the pro-

posed control solution of current emulation-based active damping. The corresponding

hardware parameters are summarized in Table 4.4. IXYS W1263YC200 diodes and Infi-

neon FZ1200R17KF6C-B2 IGBTs are employed in designing the 3-ϕ Unfolder. The T-type

bridge utilized in the three-port dc-dc system is built using Onsemi NVH4L020N120SC1 and

NVH4L040N120SC1 MOSFETs, with the body-diodes of CREE CCS050M12CM2 MOS-

FETs used for the diode bridge on the secondary side. The emulation of the grid is performed

using California Instruments MX-30, while NH Research 9300 is employed in battery mode

to emulate an EV battery at the output terminal, as illustrated in Fig. 4.37.

Hardware verification begins by testing the unfolding-based ac-dc system at different

closed-loop bandwidths without the control-based damping. Following this, the software

platform of the TMS320F28379D microcontroller [71] is utilized to implement the current

emulation-based active damping logic to damp the LC resonance and test the operation of

the ac-dc system at different closed-loop bandwidth levels.

Unfolding-based ac-dc system operation without active damping

The hardware prototype of the unfolding-based ac-dc system is tested at an output

power of 20 kW, without the current emulation-based active damping to observe the impact

of the LC resonance on the system operation. Initially, the closed-loop bandwidth of the

T-type bridge-based dc-dc converter control is set to 300 Hz, a value much lower than

the LC resonant frequency of 1.77 kHz. The corresponding PI controller parameters are

provided in Table 4.5. In Fig. 4.38(a), hardware results depict the phase a ac input voltage,

phase a grid current, dc-link voltage (vpo), and the output battery current. Due to the

considerably lower bandwidth of 300 Hz compared to the LC resonant frequency, stable
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(a)

(b)

Fig. 4.38: Experimental results of the 20-kW unfolding-based ac-dc system operating at a
closed-loop bandwidth of 300 Hz without active damping are illustrated as follows: (a) os-
cillatory phase a ac input voltage, phase a grid current, dc-link voltage (vpo), and output
battery current; (b) a high grid current THD of 11.14%, measured using the Yokogawa
WT1806E power analyzer.
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(a)

(b)

Fig. 4.39: (a) Bode plots of the loop transfer function, GL-p-port, indicating a positive phase
margin at the gain crossover frequency of 300 Hz (GPI parameters: Kp-PI = 0.001 and
Ki-PI = 36.6); and (b) the corresponding Nyquist plot, which does not encircle the point
(−1, j0), confirming a stable closed-loop operation.

closed-loop operation is observed. The corresponding Bode plots of the p-port loop transfer

function, calculated as

GL-p-port = GPIK
dp
mpGplant-p-port , (4.42)

are given in Fig. 4.39(a), where GPI represents the PI controller, and K
dp
mp is the small-signal

gain of the expression given in (4.40) that relates d̂p and m̂p as

K
dp
mp =

d̂p
m̂p

=
2

π

sin(fp(θgrid))

cos
(
π
2Dp

) . (4.43)

The value of K
dp
mp at θgrid = π/15 is 2.79. Moreover, the associated Nyquist plot presented

in Fig. 4.39(b), which does not encircle the point (−1, j0), confirms the stability of the

closed-loop operation. Despite the stable ac-dc operation at this lower bandwidth without
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(a)

(b)

Fig. 4.40: Experimental results of the 20-kW unfolding-based ac-dc system operating at
a closed-loop bandwidth of 1.8 kHz without active damping are illustrated as follows:
(a) unstable and increasing oscillations in the system waveforms are observed, leading to
grid-overcurrent shutdown; (b) Bode plots of the loop transfer function, GL-p-port, indicat-
ing a negative phase margin at the gain crossover frequency of 1.8 kHz (GPI parameters:
Kp-PI = 0.001 and Ki-PI = 251.4). A positive phase margin cannot be achieved above the
LC resonant frequency with a PI controller in the absence of active damping, leading to
instability.

active damping, sustained undesirable LC oscillations are observed in the waveforms, as

seen in Fig. 4.38(a). This leads to a high THD of 11.14% in grid currents, as depicted

in Fig. 4.38(b), obtained from the Yokogawa WT1806E power analyzer. Such oscillatory

response results in poor ac-dc power delivery.

Subsequently, the closed-loop bandwidth of the T-type bridge-based dc-dc converter

control is increased to 1.8 kHz, close to the LC resonant frequency. In Fig. 4.40(a), the hard-
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(a)

(b)

Fig. 4.41: Experimental results of the 20-kW unfolding-based ac-dc system operating at a
closed-loop bandwidth of 1.8 kHz with active damping are illustrated as follows: (a) stable
phase a ac input voltage, phase a grid current, dc-link voltage (vpo), and output battery
current; (b) a low grid current THD of 2.26%, measured using the Yokogawa WT1806E
power analyzer.

ware results depict the phase a ac input voltage, phase a grid current, dc-link voltage (vpo),

and the output battery current. As the phase Bode plot of the plant without any damping
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(a)

(b)

Fig. 4.42: (a) Bode plots of the loop transfer function, GL-p-port, indicating a positive phase
margin at the gain crossover frequency of 1.8 kHz (GPI parameters: Kp-PI = 0.001 and
Ki-PI = 251.4); and (b) the corresponding Nyquist plot, which does not encircle the point
(−1, j0), confirming a stable closed-loop operation. Active damping is enabled in this case.

undergoes a ‘−360◦’ phase shift at the resonant frequency, the PI controller cannot achieve

a positive phase margin, as shown in Fig. 4.40(b). This results in an unstable closed-loop

operation, leading to growing oscillations in the grid currents, as depicted in Fig. 4.40(a).

Consequently, the grid-overcurrent fault, employed for protection purposes, is triggered due

to such growing oscillations, resulting in a system shutdown. To summarize, in the absence

of active damping, stable operation is not achieved at closed-loop bandwidth levels near the

LC resonant frequency. Moreover, undesirable oscillatory ac-dc power delivery is observed,

even at a lower 300 Hz closed-loop bandwidth, leading to a higher grid current THD.

Unfolding-based ac-dc system operation with the current emulation-based ac-

tive damping

The hardware prototype of the unfolding-based ac-dc system is tested at an output
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(a)

(b)

Fig. 4.43: Experimental results of the 20-kW unfolding-based ac-dc system operating at a
closed-loop bandwidth of 3 kHz with active damping are illustrated as follows: (a) stable
3-ϕ ac input voltages, grid currents, dc-link voltages, and output battery current; (b) a low
grid current THD of 2.29%, measured using the Yokogawa WT1806E power analyzer.

power of 20 kW, incorporating current emulation-based active damping (Rdamp-emu = 9Ω) to

mitigate the effects of LC resonance on power delivery. Initially, the closed-loop bandwidth

of the T-type bridge-based dc-dc converter control is set to 1.8 kHz, close to the LC resonant
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(a)

(b)

Fig. 4.44: (a) Bode plots of the loop transfer function, GL-p-port, indicating a positive phase
margin at the gain crossover frequency of 3 kHz (GPI parameters: Kp-PI = 0.001 and
Ki-PI = 380.1); and (b) the corresponding Nyquist plot, which does not encircle the point
(−1, j0), confirming a stable closed-loop operation. Active damping is enabled in this case.

frequency of 1.77 kHz. In Fig. 4.41(a), hardware results depict the stable phase a ac

input voltage, phase a grid current, dc-link voltage (vpo), and the output battery current.

Both the battery and grid currents show significant improvements and do not have any

LC oscillations, even with the closed-loop bandwidth maintained in close proximity to

the resonance. A low grid current THD of 2.26% is achieved in this case, as shown in

Fig. 4.41(b). The corresponding Bode plots of the loop transfer function, GL-p-port, with a

gain-crossover frequency of 1.8 kHz and 90.7◦ phase margin are illustrated in Fig. 4.42(a).

The accompanying Nyquist plot presented in Fig. 4.42(b), which does not encircle the point

(−1, j0), confirms the stability of the closed-loop operation at a bandwidth level of 1.8 kHz.

Additionally, the closed-loop bandwidth of the T-type bridge-based dc-dc converter

control is further extended to 3 kHz. The unfolding-based ac-dc system continues to exhibit

stable operation without any LC oscillations in the currents, as depicted in Fig. 4.43(a). A
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Fig. 4.45: An experimental step change in the output power is given from 17.5 kW to 20 kW
by adjusting the amplitudes of the T-type bridge input currents, ip and in, from 30 A to
35 A at the closed-loop bandwidth of 3 kHz. This change causes a step increase in grid
currents as well, transitioning from 30 A peak to 35 A peak. The battery current also
undergoes a step change from 24.3 A to 27.8 A. A stable transient response is achieved.

low grid current THD of 2.29% is also maintained, as illustrated in Fig. 4.43(b). The corre-

sponding Bode plots of the loop transfer function, GL-p-port, with a gain-crossover frequency

of 3 kHz and 93.3◦ phase margin are presented in Fig. 4.44(a). Moreover, the associated

Nyquist plot shown in Fig. 4.44(b), which does not encircle the point (−1, j0), confirms

the stability of the closed-loop operation at this high bandwidth level. Furthermore, the

transient response of the ac-dc system, operating at a bandwidth level of 3 kHz, is assessed

by implementing a step change in the output power from 17.5 kW to 20 kW, as depicted in

Fig. 4.45. This adjustment is made by varying the amplitudes of the T-type bridge input

currents, ip and in, from 30 A to 35 A. This modification leads to a step change in grid-side

currents as well, transitioning from 30 A peak to 35 A peak. The battery current also

undergoes a step change from 24.3 A to 27.8 A.

Based on the simulation and experimental results, it can be concluded that stable

steady-state and transient responses are achieved at bandwidth levels close to the LC
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resonance and well above the LC resonant frequency. This is made possible due to the

implementation of current emulation-based active damping. The sensing circuits employed

for such high-bandwidth control are detailed in Appendix A.

4.4 Conclusion

In summary, this chapter conducts a comprehensive analysis of two key problems asso-

ciated with high-efficiency, power-dense single-stage 3-ϕ unfolding-based ac-dc converters:

(i) grid current distortions and (ii) the detrimental effects of LC resonance between the grid

inductance and dc-link capacitors on closed-loop control. A detailed analysis of the current

distortion is presented, and an equation governing the current during sector transitions is

derived. To mitigate this issue, a control-based technique requiring no additional hardware

is proposed, which utilizes the HF dc-dc converter to emulate current sources and sinks for

distortion reduction. The operation of the proposed technique is studied on a grid-tied EV-

battery charger circuit, and its effectiveness is verified through simulations and laboratory

prototype experiments. A significant reduction in grid current THD is achieved.

Moreover, employing Middlebrook’s extra element theorem, a detailed investigation

into the characteristics of the LC resonance is carried out to assess its impact on closed-

loop control. An in-depth analysis using phasor transformation-based small-signal modeling

is performed to derive the necessary transfer functions, and simplified expressions are pre-

sented for clarity. A control-based solution is then proposed to damp the LC resonance,

utilizing current emulation-based active damping through feedforward control of the HF T-

type bridge dc-dc converter. The validity of this solution is confirmed through simulations

and hardware verification on an unfolding-based ac-dc system for EV-battery charging ap-

plications. The hardware results demonstrate a tenfold increase in closed-loop bandwidth

compared to systems without damping. Bandwidth levels higher than the LC resonant

frequency are achieved, while maintaining a low grid current THD across all operating

conditions with active damping. The proposed approach eliminates the need for physical

damping circuits, offering a cost-effective means of suppressing resonance while enhancing

power density, efficiency, and overall performance in unfolding-based ac-dc converters.



CHAPTER 5

PHASOR MODELING OF A T-TYPE BRIDGE-BASED DC-DC CONVERTER

5.1 Introduction

As discussed in Chapter 2 and Chapter 3, the unfolding-based ac-dc conversion system

with a T-type bridge-based dc-dc converter used in this study is designed for WPT appli-

cation. WPT systems often use dc-dc resonant converters with single-sided or double-sided

LCC resonant networks to generate a current source for charging EV batteries [48, 49, 91].

Given the widespread use of LCC networks in dc-dc converters, this chapter employs a T-

type bridge-based dc-dc converter with both single-sided and double-sided LCC resonant

networks and conducts a thorough small-signal analysis of the system. In this study, the

T-type bridge-based dc-dc resonant converter connects to a grid-tied Unfolder. The Un-

folder switches operate at a maximum of twice the grid frequency, converting each negative

segment of the ac input voltages into positive polarity, as discussed in previous chapters.

With the Unfolder operating in open-loop, the small-signal modeling centers on the T-type

bridge-based dc-dc converter, which is closed-loop controlled to regulate the battery load

current and ensure grid-side PFC.

The higher-order single-sided or double-sided LCC resonant tank, designed with an

appropriate quality factor, leads to sinusoidal current or voltage waveforms on both the

primary and secondary sides of the dc-dc converter. In this context, the use of a phasor

transformation-based small-signal modeling approach, as discussed in [25,60–62,86,87,92–

94], is deemed appropriate. Previously, GSSA has been used for modeling LCC tank-

based resonant converters [48,59]. However, GSSA involves complex mathematical analysis

and lacks intuitive clarity in the modeling steps, and prior works have not verified LCC

tank-based modeling in hardware. In contrast, the phasor transformation-based modeling

proposed in this chapter offers an intuitive understanding of each step, serving as a valuable



153

tool for both analysis and closed-loop control design. Moreover, as discussed in previous

chapters, this study employs a diode-bridge rectifier on the secondary side of the isolation

stage to make the system suitable for practical WPT applications. It has been observed

that the conventional approach of modeling the diode bridge as an equivalent resistor using

the FHA, as described in [58, 93], results in excessive and inaccurate damping of higher-

frequency resonances for a battery load, leading to errors in small-signal modeling. To

address this, this chapter introduces an alternative method that models the diode bridge

with a battery load as a dependent voltage sink, providing a more accurate representation.

This voltage sink experiences phase deviations that align with variations in the diode bridge

input current in response to perturbations in the control input, while its magnitude remains

constant. The proposed method yields precise small-signal modeling results and effectively

captures the higher-frequency resonances.

The proposed small-signal modeling analysis is validated through simulations on a

20 kW T-type bridge-based dc-dc converter incorporating an LCC resonant network. Ad-

ditionally, hardware testing on a 4 kW, 85 kHz battery charger prototype confirms the

accuracy of the modeling process for perturbation frequencies up to 55 kHz.

5.2 Notation

In this chapter, small-signal quantities are denoted by lowercase letters with a hat

notation (such as îload), while steady-state quantities are indicated using capital letters

(for instance, Iload). Quantities specified with only lowercase letters, without a hat (e.g.,

iload = Iload + îload), represent full signal quantities, which include both steady-state and

small-signal components. Phasors are indicated by an arrow (as in #  »vxy), while magnitudes

(peak values) are denoted by double bars (such as ∥ #»
ix∥). Additionally, magnitudes are

also identified by ‘mag’ in the subscript. Finally, angled brackets (e.g., ⟨iout⟩) are used for

average values.

5.3 Secondary-Side Diode-Bridge Rectifier in the Small-Signal Domain

In resonant dc-dc converters, as shown in Fig. 5.1(a), with an appropriate quality factor
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of the tank circuit, the tank current entering the diode-bridge rectifier, denoted as id in this

work, exhibits a sinusoidal shape [58]. During the positive half-cycle of this current, diodes

D1 and D4 conduct, resulting in a positive voltage (“+vout”) across the input of the diode

bridge. On the other hand, during the negative half-cycle of the current, diodes D2 and

D3 conduct, causing a negative voltage (“-vout”) to appear across the input of the diode

bridge. As a result, this switching pattern of diodes generates a square-wave voltage at the

input of the diode bridge that is in phase with the current id, as depicted in Fig. 5.1(b).

Furthermore, the sinusoidal fundamental component of this square-wave voltage, denoted

as vd, also remains in phase with the current id. Both id and vd can be represented as

phasor quantities:

#»
id = ∥ #»

id∥e−jθd , (5.1)

#»vd = ∥ #»vd∥e−jθd =
4

π
vout e−jθd , (5.2)

where vout represents the output dc voltage across the load and θd denotes the amount of

phase lag of the diode-bridge rectifier input current relative to the voltage applied across the

tank input, as illustrated in Fig. 5.1(c). It can be observed from (5.2) that the magnitude

of #»vd depends upon the output dc voltage, while its phase always aligns exactly with the

phase of
#»
id, as depicted in the phasor diagram given in Fig. 5.1(c).

5.3.1 Resistive Load

In a typical configuration with a resistive load connected to the output of the diode-

bridge rectifier, as shown in Fig. 5.2(a), small-signal perturbations introduced in the tank

input voltage (by perturbing the duty ratios of the primary bridge) lead to small-signal

deviations in both the magnitude and phase of
#»
id. These small-signal deviations are also

proportionally reflected in the output dc voltage, vout, due to its dependency on
#»
id, as given

by

vout = iloadRload =
2

π
∥ #»
id∥Rload . (5.3)
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Fig. 5.2: (a) The diode-bridge rectifier with a resistive load can be modeled as an equivalent
resistor in the small-signal domain; (b) the diode-bridge rectifier with a battery load needs
to be modeled as a dependent voltage sink in the small-signal domain.

Now, using (5.2) and (5.3), #»vd can be calculated as

#»vd =
8

π2
Rload ∥

#»
id∥e−jθd

= Req ∥
#»
id∥e−jθd

= Req
#»
id .


(5.4)

Therefore, the diode bridge input voltage in the small-signal domain, in the case of a resistive

load, is given as

#̂»vd = Req
#̂»
id , (5.5)

where

Req =
8

π2
Rload , (5.6)
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represents the equivalent resistor that can be used to model the diode-bridge rectifier with

a resistive load in the small-signal domain, as depicted in Fig. 5.2(a).

5.3.2 Battery Load

In the case where a battery is connected to the output of the diode-bridge rectifier, as

depicted in Fig. 5.2(b), small-signal perturbations in the tank input voltage (by perturbing

the duty ratios of the primary bridge) induce corresponding small-signal deviations in both

the magnitude and phase of
#»
id. However, the output dc voltage, vout, exhibits negligible

deviation in the small-signal domain due to the significantly higher time constant of the

battery State of Charge [95]. Therefore, during small-signal analysis, the battery voltage,

which is the output dc voltage, can be considered constant [94]. As a result, the input

voltage phasor of the diode bridge, #»vd, given by (5.2), has a constant magnitude, but its

phase varies during small-signal analysis,

#»vd =
4

π
Vbatt e

−jθd . (5.7)

Therefore, in the case of a battery load, the diode bridge input voltage phasor in the small-

signal domain is given as

#̂»vd = −j 4
π
Vbatt e

−jΘd θ̂d , (5.8)

where Vbatt is the battery voltage, and Θd is the steady-state phase lag of the diode bridge

input current phasor,
#»

Id, relative to the tank input voltage. It can be observed from

(5.8) that the diode bridge circuit cannot be simply modeled as a resistor in the case of a

battery-connected load. The circuit needs to be modeled as a dependent voltage sink with

a constant magnitude but a variable phase that depends upon the phase deviations of the

diode bridge input current. The circuit diagram for this scenario is shown in Fig. 5.2(b).

Incorrectly modeling this circuit as a resistor excessively damps higher-frequency resonance,

as will be discussed in the experimental results section, leading to inaccuracies in small-



158

signal modeling. On the other hand, since the phase lag angle, θd, of the diode bridge input

voltage in a dc-dc converter with a secondary-side diode bridge is not directly regulated

by a controller, one might consider treating this angle as a steady-state constant, Θd, by

neglecting its small-signal variations. This would render the diode bridge input voltage

an independent quantity with constant magnitude and phase. However, this approach

introduces excessive resonances and leads to inaccurate modeling results, as discussed in

the experimental validation section.

5.4 Brief Overview of Circuit Configuration, Modulation Strategy, and Closed-

Loop Control

In Fig. 5.3, a circuit diagram of the T-type bridge-based dc-dc converter is illustrated,

consisting of either a single-sided or double-sided LCC resonant tank with isolation. As

the topology is designed for WPT applications, where communicating control signals to the

isolated side is challenging, a diode-bridge rectifier is used on the secondary side to connect

to the battery load. The dc-dc converter in this study is connected to a grid-tied Unfolder

operating in open-loop mode, switching at a frequency up to twice the grid frequency.

The closed-loop control architecture is specifically designed for the HF T-type bridge-based

dc-dc converter to regulate the battery load current. The duty calculator, as depicted in

Fig. 5.3, accurately calculates the duty ratios (dp and dn) based on the modulation index

(mi) obtained from the closed-loop control and the grid angle (θgrid), which is calculated

using the PLL. The duty calculator, along with the closed-loop control, ensures the desired

load current while maintaining PFC on the grid side. A detailed description of the cir-

cuit configuration, modulation strategy, and closed-loop control is provided in Chapter 2.

Since the Unfolder operates in open-loop mode, the small-signal analysis in this chapter

focuses exclusively on the closed-loop controlled T-type bridge-based dc-dc conversion sys-

tem, incorporating either a single-sided or double-sided LCC resonant tank. Moreover, in

this chapter, the T-type bridge is operated using center-aligned modulation, as discussed

in Chapter 2. However, a similar analysis can be performed when the T-type bridge is op-

erated using leading-edge-aligned modulation, as discussed in Chapter 3. Hardware results
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Fig. 5.4: (a) Fundamental components of the T-type bridge output voltage, vxy, and current,
ix, as well as the diode bridge input voltage, vd, and current, id. The operating region where
dp > dn is shown, and the two quasi-square voltages generated at the output of the T-type
bridge using these duty ratios are center-aligned. (b) Phasor diagram of the voltage and
current quantities in the T-type bridge-based dc-dc converter.

for both modulation strategies are provided in the experimental validation section.

5.5 Derivation of the Phasor Transformer

The application of the phasor transformer to model switching converters within the

resonant dc-dc system has been previously investigated for representing an H-bridge [62].

The derivation established in the prior work has been extended here to represent the T-

type bridge and the diode bridge utilized in this analysis. The implementation of a single-

sided or double-sided higher-order LCC resonant tank with an appropriate quality factor
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facilitates the achievement of sinusoidal current or voltage waveforms on both the primary

and secondary sides of the dc–dc conversion system. Consequently, the subsequent analysis

considers only the fundamental components of the tank voltage and current quantities. The

fundamental component of the voltage at the output of the T-type bridge, denoted as vxy

and shown in Fig. 5.4(a), is derived from the two dc input voltages, vpo and von, along with

their corresponding duty ratios, dp and dn:

vxy(t) = vxy-po(t) + vxy-on(t)

=
4

π

[
vpo sin

(
πdp
2

)
+ von sin

(
πdn
2

)]
cos (ωst) ,

 (5.9)

where

vxy-po(t) =
4

π
vpo sin

(
πdp
2

)
cos (ωst) , (5.10)

vxy-on(t) =
4

π
von sin

(
πdn
2

)
cos (ωst) , (5.11)

and ωs represents the angular switching frequency of the T-type bridge, which remains

constant (fs = 85 kHz) for this application in accordance with the WPT standard J2954,

established by the SAE [52]. By considering the voltage ratio between the ac and dc sides,

two effective turns ratios (or switching functions) for the T-type bridge can be defined as

spo(t) =
vxy-po

vpo
=

4

π
sin

(
πdp
2

)
cos (ωst) , (5.12)

son(t) =
vxy-on

von
=

4

π
sin

(
πdn
2

)
cos (ωst) , (5.13)

or, equivalently, in phasor form at a constant angular frequency of ωs, as

#  »spo =
4

π
sin

(
πdp
2

)
, (5.14)

#   »son =
4

π
sin

(
πdn
2

)
. (5.15)
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By combining the above equations, the voltage at the output of the T-type bridge can be

expressed in phasor form using the switching functions as

#  »vxy = #        »vxy-po + #         »vxy-on = #  »spo vpo + #   »son von . (5.16)

Similarly, the voltage at the input of the diode bridge can be expressed in phasor form

as

#»vd = #»sd Vbatt , (5.17)

where

#»sd =
4

π
e−jθd . (5.18)

Here, θd represents the phase lag of the diode bridge input voltage phasor, #»vd, relative to

the T-type bridge output voltage phasor, #  »vxy, as shown in Fig. 5.4(b). It is important to

note that the phases of the fundamental components of the diode bridge input voltage, vd,

and the diode bridge input current, id, always align exactly in both steady-state and small-

signal conditions, as discussed earlier. The overlap of these two quantities is illustrated

in the phasor diagram provided in Fig. 5.4(b). The diode bridge input current phasor is

therefore expressed as

#»
id = ∥ #»

id∥e−jθd . (5.19)

By employing the definitions of tank ac voltages derived in (5.16) and (5.17) in relation

to the switching functions, the T-type bridge-based dc-dc conversion system can be rep-

resented using phasor transformers for both single-sided and double-sided LCC resonant

tanks, as depicted in Fig. 5.5. Using the phasor transformers-based circuit diagram, the
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output current of the diode bridge can be calculated as

iout = ⟨iout⟩+ iHF
out = ℜ

[
#»sd e

jωst
]
ℜ
[ #»
id e

jωst
]

= ℜ

[
#»sd

∗
√
2

#»
id√
2

]
+ ℜ

[
#»sd√
2

#»
id√
2
e2jωst

]
.

 (5.20)

The battery load current, which is the averaged component of the output current of the

diode bridge, can now be written as

iload = ⟨iout⟩ = ℜ

[
#»sd

∗
√
2

#»
id√
2

]
= ℜ

[(
4√
2π
e−jθd

)∗ ∥ #»
id∥√
2
e−jθd

]

=
2

π
∥ #»
id∥ .

 (5.21)

Similarly, the input dc currents of the T-type bridge can be calculated as

ip = ⟨idcp ⟩ = ℜ

[
#  »spo

∗
√
2

#»
ix√
2

]
=

2

π
∥ #»
ix∥ cos(θx) sin

(
πdp
2

)
, (5.22)

in = ⟨idcn ⟩ = ℜ

[
#   »son

∗
√
2

#»
ix√
2

]
=

2

π
∥ #»
ix∥ cos(θx) sin

(
πdn
2

)
, (5.23)

where ∥ #»
ix∥ and θx are the magnitude and phase angle, respectively, of the T-type bridge

output current phasor,
#»
ix , as depicted in Fig. 5.4(b).

5.6 Small Signal Analysis

The output voltage of the T-type bridge, as defined in (5.9), can be expressed in phasor

form as

#  »vxy =
4

π

[
vpo sin

(
πdp
2

)
+ von sin

(
πdn
2

)]
∠ 0 , (5.24)

which can be further solved by substituting the following expressions for vpo, von, dp, and

dn during 0 ≤ θgrid < π/3 :
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vpo = Vg-mag sin (θgrid + 2π/3) , (5.25)

von = Vg-mag sin (θgrid) , (5.26)

dp = (2/π) sin−1 (mi sin (θgrid + π/2)) , (5.27)

dn = (2/π) sin−1 (mi sin (θgrid + π/6)) , (5.28)

where Vg-mag represents the peak value of the line-to-line ac input voltage of the Unfolder,

and mi is the modulation index that controls the magnitude of the duty ratios. A detailed

discussion of the above equations is provided in Chapter 2. By combining (5.24)–(5.28),

the T-type bridge output voltage phasor, #  »vxy, can be expressed as

#  »vxy =
2
√
3

π
miVg-mag∠ 0 =

2
√
3

π
miVg-mag . (5.29)

As the modulation index mi controls the magnitude of the T-type bridge output voltage,

which defines the load current iload charging the battery, a small-signal analysis is conducted

on the plant transfer function derived between the small-signal load current îload and the

small-signal modulation index m̂i:

Gplant =
îload
m̂i

. (5.30)

5.6.1 Single-Sided LCC Tank

Small-signal phasor-transformed circuit

To derive the small-signal phasor-transformed circuit, the tank inductors and capac-

itors are phasor-transformed as described in [61]. The inductor is represented as a series

combination of the dynamic impedance (sL) and the steady-state impedance (jωsL) while

the capacitor is represented as a parallel combination of the dynamic impedance
(

1
sC

)
and

the steady-state impedance
(

1
jωsC

)
. The output voltage of the T-type bridge is linearized
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around the steady-state value of the control input mi, allowing the steady-state and small-

signal components of #  »vxy to be expressed as

#  »vxy =
#   »

Vxy +
#̂  »vxy =

#   »

Vxy +

(
∂ #  »vxy
∂mi

)
m̂i

=
2
√
3

π
MiVg-mag +

2
√
3

π
m̂iVg-mag .

 (5.31)

Therefore,

#̂  »vxy
m̂i

=
2
√
3

π
Vg-mag . (5.32)

Now, the diode bridge input voltage, written as

#»vd =
4

π
Vbatt e

−jθd , (5.33)

can be expressed in terms of the small-signal component by taking the partial derivative with

respect to the control input, mi. The phase lag, θd, undergoes small-signal deviations due

to perturbations in mi. The magnitude, which is a function of the battery voltage (Vbatt),

is treated as a constant, as the battery voltage shows a negligible deviation in the small-

signal domain due to the significantly higher time constant of the State of Charge [95].

Therefore, the steady-state and small-signal components of the diode bridge input voltage

can be expressed as

#»vd =
# »

Vd +
#̂»vd =

# »

Vd +

(
∂ #»vd
∂mi

)
m̂i

=
4

π
Vbatt e

−jΘd − j
4

π
Vbatt e

−jΘd θ̂d .

 (5.34)

Therefore,

#̂»vd
m̂i

= −j 4
π
Vbatt e

−jΘd
θ̂d
m̂i

. (5.35)

The overall linearized steady-state and small-signal model of the T-type bridge-based
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dc-dc converter with a single-sided LCC tank is illustrated in Fig. 5.6. The isolation is

represented using the cantilever model, incorporating leakage and magnetizing inductances.

To enhance the accuracy of the model, the parasitic resistances of inductors and capacitors

are introduced as series and parallel resistances, respectively, as done while presenting the

simulation and experimental results.

Small-signal diode bridge input current

As derived in (5.21), the load current iload is a function of the magnitude of the diode

bridge input current id. Therefore, to obtain the plant transfer function, the small-signal

deviations in the diode bridge input current phasor,
#̂»
id, are calculated in relation to pertur-

bations introduced in the control input, m̂i. The small-signal diode bridge input current

phasor is calculated using Fig. 5.6 as

#̂»
id =

(
#̂  »vxy − #̂»vd(f1f3 − f4)

)
f2f3

=

(
2
√
3

π
m̂iVg-mag + j

4

π
Vbatt e

−jΘd θ̂d(f1f3 − f4)

)
f2f3

,
(5.36)

where f1, f2, f3, and f4 are functions of the tank parameters:

f1 =
Zps + Zl + Zm

Zm
, (5.37)

f2 = Zps + Zl , (5.38)

f3 = 1 +
Zp

Zpp
+

Zp

Zps + Zl
, (5.39)

f4 =
Zp

Zps + Zl
, (5.40)

Zp = sLp + jωsLp + rLp , (5.41)

Zpp =
rCpp

1 + rCpp(sCpp + jωsCpp)
, (5.42)

Zps =
rCps

1 + rCps(sCps + jωsCps)
, (5.43)

Zl = sLl + jωsLl + rLl
, (5.44)

Zm = sLm + jωsLm , (5.45)
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where rLp , rCpp , rCps , and rLl
represent the parasitic resistances of the tank inductors and

capacitors. Equation (5.36) can be modified into a transfer function using (5.32) and (5.35):

#̂»
id
m̂i

=

(
#̂  »vxy
m̂i

−
#̂»vd
m̂i

(f1f3 − f4)

)
f2f3

=

(
2
√
3

π
Vg-mag + j

4

π
Vbatt e

−jΘd
θ̂d
m̂i

(f1f3 − f4)

)
f2f3

.


(5.46)

An alternative, more useful form of the result (5.46) is derived by splitting this equation into

its linearized magnitude and phase components using a first-order Taylor series approxima-

tion. This method allows the complex phasor transfer function to be approximated by two

transfer functions with real coefficients, representing the magnitude and phase deviations

of the diode bridge input current. These transfer functions are calculated as follows:

îd-mag

m̂i
=

ℜ

[
#̂»
id
m̂i

]
ℜ[ #»

Id] + ℑ

[
#̂»
id
m̂i

]
ℑ[ #»

Id]

∥ #»

Id∥
, (5.47)

θ̂d
m̂i

=

ℜ

[
#̂»
id
m̂i

]
ℑ[ #»

Id]−ℑ

[
#̂»
id
m̂i

]
ℜ[ #»

Id]

∥ #»

Id∥2
. (5.48)

It is important to note that (5.46) and (5.48) are interdependent and must be solved as

simultaneous equations.

Small-signal load current

The output current of the diode bridge is a dc quantity and, therefore, cannot be

represented in phasor form. A time-domain analysis is conducted to determine the complete

output current, which includes both the dc and HF components. The output current in the

time domain can be calculated using the circuit model shown in Fig. 5.6 as
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iout(t) = sd(t)id(t)

=
4

π
cos(ωs t− θd) id-mag cos(ωs t− θd)

=
2

π
(Id-mag + îd-mag)(1 + cos(2ωs t− 2Θd − 2θ̂d)) .


(5.49)

The battery load current, which is the averaged component of the output current of the

diode bridge, can now be written as

iload = ⟨iout⟩ = Iload + îload =
2

π
Id-mag +

2

π
îd-mag . (5.50)

Therefore, the small-signal deviations in iload that directly depend on îd-mag and θ̂d are

îload

îd-mag

=
2

π
, (5.51)

îload

θ̂d
= 0 , (5.52)

respectively.

Now, by combining (5.47), (5.48), (5.51), and (5.52), the plant transfer function can

be calculated as

Gplant =
îload
m̂i

=
îload

îd-mag

îd-mag

m̂i
+
îload

θ̂d

θ̂d
m̂i

. (5.53)

5.6.2 Double-Sided LCC Tank

The three steps outlined for the small-signal modeling of the single-sided LCC tank

are similarly applied to the double-sided LCC tank.

Small-signal phasor-transformed circuit

Similar to the single-sided LCC tank, the linearized steady-state and small-signal

model of the T-type bridge-based dc-dc converter with a double-sided LCC tank is derived

by representing the tank inductors and capacitors in terms of dynamic and steady-state

impedances. The T-type bridge output voltage is linearized as given in (5.31), and the
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diode bridge input voltage is linearized as derived in (5.34). The complete steady-state and

small-signal model is depicted in Fig. 5.7, with isolation modeled using the two-coupled

inductor approach commonly employed in WPT systems.

Small-signal diode bridge input current

As explained earlier, since the load current iload is a function of the diode bridge input

current id, the small-signal deviations in the diode bridge input current phasor,
#̂»
id, are

calculated in relation to perturbations introduced in the control input, m̂i, as provided

below:

#̂»
id
m̂i

=

#̂  »vxy
m̂i

−
#̂»vd
m̂i

((
fp1fs1
fps

− fps
Zsp

)
fp2 +

Zpfs1
fps

)
(
fp1fs2
fps

− fpsfs3

)
fp2 +

Zpfs2
fps

=

2
√
3

π
Vg-mag + j

4

π
Vbatt e

−jΘd
θ̂d
m̂i

((
fp1fs1
fps

− fps
Zsp

)
fp2 +

Zpfs1
fps

)
(
fp1fs2
fps

− fpsfs3

)
fp2 +

Zpfs2
fps

.


(5.54)

In the above equation,

fp1 = Zps + Zpri , (5.55)

fp2 = 1 +
Zp

Zpp
, (5.56)

fs1 =
Zsp + Zsec + Zss

Zsp
, (5.57)

fs2 = Zsec + Zss + Zs

(
Zsp + Zsec + Zss

Zsp

)
, (5.58)

fs3 = 1 +
Zs

Zsp
, (5.59)

fps = sMps + jωsMps , (5.60)

Zp = sLp + jωsLp + rLp , (5.61)

Zpp =
rCpp

1 + rCpp(sCpp + jωsCpp)
, (5.62)
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Zps =
rCps

1 + rCps(sCps + jωsCps)
, (5.63)

Zpri = sLpri + jωsLpri + rLpri , (5.64)

Zsec = sLsec + jωsLsec + rLsec , (5.65)

Zss =
rCss

1 + rCss(sCss + jωsCss)
, (5.66)

Zsp =
rCsp

1 + rCsp(sCsp + jωsCsp)
, (5.67)

Zs = sLs + jωsLs + rLs , (5.68)

Mps = kcoeff
√
LpriLsec , (5.69)

where rLp , rCpp , rCps , rLpri , rLsec , rCss , rCsp , and rLs are the parasitic resistances of the

tank inductors and capacitors. As described earlier for the single-sided LCC tank, (5.54)

can be split into its linearized magnitude and phase components using a first-order Taylor

series approximation, as provided in (5.47) and (5.48). This method allows the complex

phasor transfer function to be approximated by two transfer functions with real coefficients,

representing the magnitude

(
îd-mag

m̂i

)
and phase

(
θ̂d
m̂i

)
deviations of the diode bridge input

current relative to the perturbations in the control input, m̂i.

Small-signal load current

Similar to the single-sided LCC tank, by combining the magnitude and phase devia-

tions of the small-signal diode bridge input current phasor,
#̂»
id, relative to the perturbations

in the control input, m̂i (as provided by (5.47) and (5.48)), with the small-signal deviations

in the load current, îload, which directly depend on the magnitude deviation, îd-mag, and

phase deviation, θ̂d, in the diode bridge input current (as given by (5.51) and (5.52)), the

plant transfer function can be calculated as

Gplant =
îload
m̂i

=
îload

îd-mag

îd-mag

m̂i
+
îload

θ̂d

θ̂d
m̂i

. (5.70)
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Fig. 5.8: Comparison of Bode plots of the plant

(
Gplant =

îload
m̂i

)
of the T-type bridge-

based dc-dc converter with a double-sided LCC resonant tank, obtained from the phasor
transformation-based small-signal modeling and PLECS simulation multitone analysis.

Table 5.1: Simulation parameters for the T-type bridge-based dc-dc conversion system with
a double-sided LCC tank.

Parameter Value Parameter Value

Pout 20 kW Cps, rCps 9.9 nF, 10 kΩ

fs 85 kHz Css, rCss 9.9 nF, 10 kΩ

Vg-mag 480
√
2 V Csp, rCsp 46.7 nF, 10 kΩ

vpo, von 379.4 V, 297.4 V Ls, rLs 75.1 µH, 70 mΩ

Vbatt 650 V kcoeff 0.44

Lp, rLp 64.5 µH, 70 mΩ Lpri, rLpri 419.2 µH, 150 mΩ

Cpp, rCpp 54.4 nF, 10 kΩ Lsec, rLsec 427.9 µH, 150 mΩ

5.7 Simulation Results

A 20 kW T-type bridge-based dc-dc converter featuring a double-sided LCC resonant

tank with isolation and a diode bridge connected to a battery load is simulated using

PLECS multitone analysis. This analysis applies a multitone signal, composed of multiple
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Table 5.2: Experimental parameters.

Parameter Value

Pout, fs 4 kW, 85 kHz

Vg-mag, Vbatt 208
√
2 V, 316 V

vpo, von 208 V, 76 V

Lp, rLp 29.3 µH, 116.4 mΩ

Cpp, rCpp 119.9 nF, 14.9 kΩ

Cps, rCps 112.4 nF, 15.6 kΩ

Ll, rLl
37.1 µH, 31.5 mΩ

Lm 802.2 µH

sinusoidal signals, to encompass all investigated frequencies simultaneously. The simulation

parameters are listed in Table 5.1. Parasitic resistances of inductors and capacitors are

expressed in terms of series and parallel resistances, respectively. The Bode plots of the

plant Gplant =
îload
m̂i

obtained from small-signal modeling closely align with the simulation

results in Fig. 5.8, thereby validating the accuracy of the modeling approach for the dc-dc

converter with a double-sided LCC tank.

5.8 Experimental Validation

To validate the phasor transformation-based small-signal modeling in hardware, tests

are conducted on the T-type bridge-based dc-dc conversion system illustrated in Fig. 5.9.

This system comprises a single-sided LCC tank with isolation and a secondary-side diode-

bridge rectifier connected to a battery load. Two dc-voltage sources, manufactured by

REGATRON, are connected to the inputs of the T-type bridge, while a dc-voltage sink

(NHR 9300) emulates a battery at the output. Experimental parameters are provided in

Table 5.2. Parasitic resistances of inductors and capacitors are expressed in terms of series

and parallel resistances, respectively. The modeling verification is carried out for the plant

transfer function, Gplant =
îload
m̂i

, at an output power of 4 kW. In this verification, the
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Fig. 5.10: Phase deviations (θ̂d), as shown by the arrow, in the diode bridge input square-
wave voltage due to perturbations introduced in the control input, m̂i, while the magnitude
remains constant.

Fig. 5.11: Analytical Bode plots of Gplant compared with hardware results, where the diode
bridge with a battery load is modeled as a resistor. The analysis results in excessive damping
and fails to capture the high-frequency resonance.

modulation index, mi, is sinusoidally perturbed by ± 0.05 around a steady-state value of

0.95. The perturbation is performed across a range of frequencies: 50 Hz, 100 Hz, 500 Hz,

1 kHz, 3.7 kHz, 5 kHz, 10 kHz, 20 kHz, 30 kHz, 32.5 kHz, 36.6 kHz, 40 kHz, 42.5 kHz, and
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Fig. 5.12: Analytical Bode plots of Gplant compared with hardware results, where the diode
bridge with a battery load is modeled as a constant independent voltage sink. The analysis
results in excessive resonances.

Fig. 5.13: Analytical Bode plots of Gplant compared with hardware results, where the
diode bridge with a battery load is modeled as a dependent voltage sink with a constant
magnitude and variable phase, as proposed in this chapter. The analysis accurately matches
the hardware results.

55 kHz. The control input, mi, is updated at twice the switching frequency (170 kHz) using

an up-down carrier, implemented with the TMS320F28379D microcontroller. The resulting
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Fig. 5.14: Experimental waveform of the diode-bridge rectifier output current, iout, for the
T-type bridge-based dc-dc converter, superimposed on the envelope predicted by the small-
signal model during a step change in the modulation index, mi, from 0.9 to 1. The diode
bridge with a battery load is modeled here as a dependent voltage sink with a constant
magnitude and variable phase, as proposed in this chapter.

magnitude and phase of the perturbation-frequency component present in the load current,

iload, are measured to derive the Bode plots.

Fig. 5.10 illustrates the phase deviations in the diode bridge input square-wave volt-

age when mi is perturbed, while its magnitude remains unchanged, as previously proven

mathematically. Fig. 5.11, Fig. 5.12, and Fig. 5.13 provide a comparison of analytical Bode

plots of Gplant with hardware results. In Fig. 5.11, modeling the diode bridge with a battery

load as a resistor results in excessive damping of the higher-frequency resonance, leading to

inaccurate analytical plots. In Fig. 5.12, treating the diode bridge with a battery load as an

independent voltage sink with constant magnitude and phase while ignoring the phase de-

viations results in excessive resonances and inaccuracies. Modifications are made to Fig. 5.6

and (5.46) to model the diode bridge with a battery load as a resistor and as an independent

voltage sink. Finally, Fig. 5.13 models the diode bridge with a battery load as a dependent

voltage sink, incorporating small-signal phase deviations and constant magnitude, which

produces accurate analytical Bode plots consistent with hardware results across all pertur-

bation frequencies. Moreover, a step response of the diode bridge output current, iout, has

been measured during the hardware testing by introducing a step change in the modulation

index from 0.9 to 1. The envelope observed during this step change in the hardware has been
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compared with the step response obtained from the small-signal modeling with a dependent

voltage sink, as presented in Fig. 5.14. The results demonstrate that the modeling precisely

predicts the envelope of the diode bridge output current during this step change, thereby

confirming the accuracy of the modeling. Accurate small-signal modeling that captures the

high-frequency dynamics of the T-type bridge-based dc-dc resonant converter with a diode

bridge connected to a battery load enhances the design and stability of closed-loop control,

leading to more reliable and efficient power delivery.

The small-signal analysis presented in this chapter has also been applied to the T-

type bridge-based dc-dc converter operated with leading-edge-aligned modulation, where

the duty ratios are independently controlled, as detailed in Chapter 3. The corresponding

results are presented below.

Fig. 5.15: Comparison of Bode plots of the transfer function
îp

d̂p
, obtained from the phasor

transformation-based small-signal modeling and hardware testing.

Fig. 5.16: Experimental waveform of the p-port current, ip, superimposed upon the envelope
predicted by the small-signal model under a step change in the duty dp from 0.7068 to 0.9868.
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Fig. 5.17: Comparison of Bode plots of the transfer function
în

d̂p
, obtained from the phasor

transformation-based small-signal modeling and hardware testing.

Fig. 5.18: Experimental waveform of the n-port current, in, superimposed upon the envelope
predicted by the small-signal model under a step change in the duty dp from 0.7068 to 0.9868.

Fig. 5.19: Comparison of Bode plots of the transfer function
îx-mag

d̂p
, obtained from the

phasor transformation-based small-signal modeling and hardware testing.
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Fig. 5.20: Experimental waveform of the T-type bridge output current, ix, superimposed
upon the envelope predicted by the small-signal model under a step change in the duty dp
from 0.7068 to 0.9868.

Fig. 5.21: Comparison of Bode plots of the transfer function
îout

d̂p
, obtained from the phasor

transformation-based small-signal modeling and hardware testing.

Fig. 5.22: Experimental waveform of the diode bridge output current, iout, superimposed
upon the envelope predicted by the small-signal model under a step change in the duty dp
from 0.7068 to 0.9868.

5.9 Conclusion

This chapter presents a comprehensive small-signal modeling that utilizes phasor trans-

formation for a T-type bridge-based dc-dc converter. This system features both single-sided
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Fig. 5.23: Comparison of Bode plots of the transfer function
îp

d̂n
, obtained from the phasor

transformation-based small-signal modeling and hardware testing.

Fig. 5.24: Experimental waveform of the p-port current, ip, superimposed upon the envelope
predicted by the small-signal model under a step change in the duty dn from 0.4825 to
0.7625.

Fig. 5.25: Comparison of Bode plots of the transfer function
în

d̂n
, obtained from the phasor

transformation-based small-signal modeling and hardware testing.

and double-sided LCC resonant tanks, with a secondary side isolated diode bridge connected

to a battery load, representing a typical configuration used in WPT applications. The mod-
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Fig. 5.26: Experimental waveform of the n-port current, in, superimposed upon the envelope
predicted by the small-signal model under a step change in the duty dn from 0.4825 to
0.7625.

Fig. 5.27: Comparison of Bode plots of the transfer function
îx-mag

d̂n
, obtained from the

phasor transformation-based small-signal modeling and hardware testing.

Fig. 5.28: Experimental waveform of the T-type bridge output current, ix, superimposed
upon the envelope predicted by the small-signal model under a step change in the duty dn
from 0.4825 to 0.7625.

eling procedure is divided into distinct steps, each of which is clarified to facilitate a clear

and intuitive understanding of the methodology employed. The precise model presented

here enhances the design and stability of closed-loop control, resulting in more reliable and
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Fig. 5.29: Comparison of Bode plots of the transfer function
îout

d̂n
, obtained from the phasor

transformation-based small-signal modeling and hardware testing.

Fig. 5.30: Experimental waveform of the diode bridge output current, iout, superimposed
upon the envelope predicted by the small-signal model under a step change in the duty dn
from 0.4825 to 0.7625.

efficient power delivery. The proposed analytical model is validated through simulations of

a 20 kW T-type bridge-based dc-dc converter with a double-sided LCC resonant tank. Fur-

thermore, the small-signal modeling is also verified through hardware testing of a 4 kW, 85

kHz prototype consisting of a single-sided LCC tank, confirming its accuracy for perturba-

tion frequencies up to 55 kHz. The small-signal modeling has been experimentally verified

in hardware for both the center-aligned and leading-edge-aligned modulation strategies of

the T-type bridge discussed in Chapter 2 and Chapter 3.



CHAPTER 6

DESIGN AND OPERATION OF UNFOLDING-BASED MULTIPORT SYSTEM WITH

A TAB-BASED RESONANT CONVERTER

6.1 Introduction

The transportation sector remains one of the largest energy consumers worldwide,

with internal combustion engine vehicles still dominating the landscape. For example,

in 2023, the United States alone consumed approximately 137 billion gallons of gasoline

and 46 billion gallons of diesel, resulting in a total energy usage of around 6.36 trillion

kWh [34]. In comparison, the nation’s total electricity generation was approximately 4.25

trillion kWh [35], illustrating the immense energy demand associated with fossil-fuel-based

transportation. These figures highlight the significant challenge of transitioning to fully

electric mobility systems, particularly when electricity infrastructure is not yet scaled to

meet such demands. As countries worldwide pursue electrification of transport, it becomes

essential to not only expand EV charging infrastructure but also strengthen the power grid.

Integrating battery energy storage and renewable generation is emerging as a viable strategy

to support this shift at scale [36].

In typical practice, the integration of battery storage or renewable energy sources with

the grid for EV battery charging is achieved either through ac-coupling at the grid, as de-

picted in Fig. 6.1(a), or dc-coupling at the output of the grid-tied ac-dc converter, as shown

in Fig. 6.1(b) [36, 96]. An example of an ac-coupled system is the supercharger station in

Mountain View, California [96]. Both configurations are well-studied and offer good relia-

bility and simplicity; however, they suffer from poor conversion efficiency due to multiple

cascaded converters. Compared to the ac-coupled system, the dc-coupled configuration

involves fewer conversion stages, which improves efficiency. Nonetheless, the number of

conversion stages can be further reduced by eliminating multiple dc-ac converters after the
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DC/AC

AC/DC

AC/DC

(a)

(b)

Fig. 6.1: Conventional multiport system architectures for integrating battery storage/re-
newables with the grid for EV charging: (a) ac-coupled architecture, where integration
occurs at the grid side; and (b) dc-coupled architecture, where integration occurs at the
output of the grid-tied converter.

AC/DC
Battery 
storage/

renewables

EV battery

DC/AC
AC/DC

AC/DC

Grid

Fig. 6.2: Proposed multiport system to integrate battery storage/renewables with the grid
for EV charging. The grid-tied ac-dc converter consists of an Unfolder and a current in-
jection circuit. A TAB-based three-port dc-dc converter with a three-winding transformer
is utilized to integrate the different ports. Different power flow directions explored in this
study are indicated by green arrows.

grid-tied converter. This study proposes an architecture with a single dc-ac converter and a

multi-winding HF transformer-based conversion system to integrate battery storage or re-

newable energy sources with the grid for EV battery charging. The resulting HF ac-coupled

system, illustrated in Fig. 6.2, reduces the number of power conversion stages compared

to conventional ac-coupled and dc-coupled architectures, thereby improving overall system
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cost and efficiency. Such HF ac-coupled systems have been studied in prior literature, pri-

marily to demonstrate dc-dc converter operation with multiple dc ports [46, 47, 97–104].

Various aspects of these systems have been explored, including steady-state power flow

analysis [46, 47], decoupled power flow techniques [47, 99, 100, 104], multi-winding trans-

former design [100, 104], soft-switching analysis [46, 101, 102], and conduction loss mini-

mization [103]. However, these studies are limited to dc-dc converter operation and do not

address the implementation of a complete ac-dc architecture with grid integration, which

is critical for the practical deployment of battery storage or renewable energy sources inte-

grated with the grid to support EV charging infrastructure. In [105], a grid-tied multiport

system is designed using an interleaved totem pole, a current-fed DAB, and an interleaved

buck stage. In [106], a grid-tied multiport system is designed using 1-ϕ AFE converter and

TAB. In [107], a 1-ϕ grid-tied multiport system is designed using a three-port integrated

topology comprising an ac-dc full-bridge converter followed by individual dc-dc converters

for the dc ports. In [108], a 1-ϕ grid-tied multiport system is designed using a current

source converter with partial power processing control. However, these multiport systems

rely on a 1-ϕ grid connection, which limits the maximum transferable power, leads to higher

grid current stresses, and restricts scalability. As a result, such systems are not suitable for

high-power EV charging infrastructure, where a 3-ϕ grid interface is typically required.

[37–43] propose multiport systems with 3-ϕ grid connection. In [37], a split-source in-

verter is employed for grid connection, and all dc ports are interfaced with a common dc link,

either directly or through buck/boost converters. In [38], a matrix converter is employed

for grid connection, while the dc ports are interfaced through interleaved parallel boost con-

verters. In [39], an AFE is used for grid connection, while buck/boost converters interface

the dc ports. In [40], an AFE is employed for grid connection, while an interleaved boost

converter and a flyback converter are used for the dc ports. In [41], a matrix converter is

used for ac-dc conversion. [42] employs current-source inverter bridges with HF transformer

isolation. [43] utilizes an AFE for grid connection, while the dc-dc stages employ full-bridge

and buck converters. However, these 3-ϕ grid-tied multiport systems have one or more of the
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following limitations: (i) an AFE is utilized as the grid-side converter, which is operated at

HF and undergoes hard switching [37,39,40,43]. The use of an AFE increases the required

dc-link capacitance and grid-side filtering effort, as well as switching losses and EMI con-

cerns. (ii) a matrix converter operated at HF requires extensive grid-side filtering and leads

to complications in the control strategy [38,41]. (iii) dc-dc converters are hard-switched at

HF, resulting in higher switching losses and EMI issues [37,39,40,43]. (iv) the EV dc port

is non-isolated, which may raise safety concerns [37, 39]. (v) the converter is designed for

lower battery voltages and is unsuitable for present EV battery voltage levels [37–39,42,43].

(vi) converter operation over a wide EV battery voltage range (e.g., 200–800 V) is not

demonstrated [37–39, 41–43]. These limitations restrict the practical deployment of such

multiport systems for high-power EV charging applications. The proposed 3-ϕ grid-tied

multiport system in this work overcomes all the above limitations. A low-frequency op-

erated (120 Hz in this work) grid-side converter is employed, which reduces the required

dc-link capacitance. It also eliminates the need for external grid-side inductive filters since

the grid inductance is sufficient for current shaping. Moreover, low-frequency operation

leads to negligible grid-side converter switching losses. The dc-dc converter is carefully

designed to achieve soft switching across a wide EV battery voltage range (200–800 V).

The combination of low-frequency grid-side converter operation and soft switching of the

dc-dc converter minimizes EMI concerns and improves system efficiency. The proposed con-

verter also outperforms prior work in terms of efficiency and grid current THD. In addition,

isolation is provided for the EV dc port, and the converter is designed to operate over a

wide voltage range of 200–800 V, ensuring safe operation and practical suitability for EV

charging infrastructure. A detailed comparison of the proposed multiport converter with

prior converters is presented in the experimental validation section.

This chapter presents a complete ac-dc multiport system with 3-ϕ grid connection and

introduces a grid interface through a low-frequency operated Unfolder, which operates at a

maximum of twice the grid frequency [12, 22, 24–26, 28, 109, 110]. The unfolding-based grid

interface significantly reduces switching losses and improves overall system efficiency due
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to its low-frequency operation. Moreover, the use of the Unfolder minimizes the required

dc-link capacitance and eliminates the need for external grid-side inductive filters, facili-

tating a more compact and efficient design well-suited for high-power EV battery charging

infrastructure. To interface with the Unfolder, which outputs two pulsating dc-link volt-

ages, a dual-input dc-ac converter such as a T-type bridge or a pair of H-bridges is typically

used to process power from both dc links [22, 26]. Additionally, integrating battery stor-

age/renewables along with the EV battery requires two more ports, resulting in a four-port

dc-dc converter. This increases design complexity and introduces challenges for closed-loop

control. To simplify the circuit architecture, this study proposes a multiport system that

incorporates a current injection circuit [45,111] and a TAB-based three-port dc-dc converter

to effectively interface the grid port, the battery storage/renewables port, and the EV port.

Since the Unfolder is operated at low frequency in open loop, it cannot handle control-

related tasks such as sinusoidal shaping of the grid currents. This control task is instead

carried out by the coordinated closed-loop control of the current injection circuit and the

TAB-based dc-dc converter. The details of this coordinated closed-loop control, which must

also handle multidirectional power flow in the proposed multiport system, together with the

accurate small-signal modeling, are presented in this chapter.

In addition to the utilization of the Unfolder, the design of the TAB tank circuit plays

a critical role in enabling efficient power transfer over wide operating conditions. While the

commonly used series resonant tank can facilitate power transfer to the EV port due to its

inherent ability to achieve ZVS and support HF operation with high conversion efficiency,

it suffers from significant efficiency degradation when operated over a wide voltage gain

range [112]. Alternatively, an LLC resonant tank, controlled through frequency modulation,

can offer a wide voltage gain range while maintaining efficiency [113]; however, the use of

frequency modulation in a TAB introduces complexity in power flow analysis and closed-loop

control design. In this study, an LCL immittance network-based resonant tank [114–117] is

employed for power transfer to the EV port. This configuration enables wide voltage gain at

a fixed switching frequency and supports efficient operation with EV batteries at different
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voltage levels, thereby improving adaptability. Unlike the simplified architectures in prior

TAB converters [46, 47, 99–104] that employed inductive or series resonant tanks with stiff

dc links, the utilization of a higher-order LCL tank integrated into an unfolding-based

grid-tied multiport system introduces challenges in power flow analysis, closed-loop control,

and system integration. These challenges are explicitly addressed in this chapter through

detailed power flow analysis, design, and small-signal modeling. An optimized tank design is

presented that minimizes conduction losses and ensures ZVS of the TAB MOSFETs across

a wide EV battery voltage range, thereby enhancing efficiency. The design also accounts

for the dc-link voltage variation due to the unfolding operation. In addition, accurate

small-signal modeling of the TAB with an LCL tank is derived to achieve high closed-loop

bandwidths to regulate power at the dc ports under pulsating dc-link voltage variation and

to ensure stable operation during transients. Finally, a three-winding transformer design is

proposed for the TAB that incorporates the required tank inductance into the transformer

leakage inductance, and the transformer winding is optimized to minimize the kVAr/kW

ratio of the LCL tank for a wide EV battery voltage range of 200–800 V, further improving

system efficiency.

The proposed multiport system has been validated using a 5 kW, 480 V grid-tied

hardware prototype. It achieves a peak ac-dc efficiency of 98.3% and maintains efficiency

above 97% across various operating points, power flow directions, and a battery voltage

range of 200–800 V. The prototype also demonstrates a low grid current THD of 2%. In

addition, a modular architecture is proposed to achieve power scalability of the multiport

topology, employing IPOP dc-dc converter modules that interface with a single grid-tied

Unfolder. Scalability is demonstrated through simulations at 50 kW and further validated

in hardware at the 10 kW level, achieving a peak efficiency of 98.1%.

6.2 Brief Overview of the Proposed Multiport System

The overall proposed ac-dc multiport system is illustrated in Fig. 6.3. As discussed

earlier, to simplify the connection between the dc-dc converter and the Unfolder, which

outputs two pulsating dc-link voltages, a current injection circuit is introduced after the
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Unfolder to reduce the number of required dc ports on the grid side. This approach enables

the use of an H-bridge connected to a single dc-link voltage. As a result, a TAB-based

three-port dc-dc converter can be used to effectively interface the grid port, the battery

storage/renewables port, and the EV port. For brevity, the battery storage/renewables

port is referred to as the PV port in this chapter. As the dc voltage gain between the

PV and grid ports remains close to unity, a DAB-based power architecture is implemented

for dc-dc conversion between the PV and grid ports, with the required tank inductance

between these ports integrated into the leakage inductance of the designed three-winding

transformer. This integrated magnetics-based architecture enhances both the power density

and efficiency of the system. To accommodate a wide voltage range for interfacing EV

batteries with different voltage levels, an LCL immittance network-based resonant tank is

employed for power transfer to the EV port, which effectively facilitates ZVS of MOSFETs

and maintains consistently low conduction losses, thereby preserving high efficiency across

the entire voltage range.

Fig. 6.3 also outlines the closed-loop control architecture of the proposed multiport

system. The control loop for the current injection circuit regulates the third-harmonic

injection current to ensure sinusoidal grid current shaping for PFC. The other two control

loops are implemented within the dc-dc converter to regulate the current drawn from the PV

port and the current delivered to the EV battery. Together, these control loops effectively

manage power flow across all ports of the ac-dc multiport system.

6.3 Operation and Design of the Unfolder and Current Injection Circuit

6.3.1 Operation of the Unfolder and Current Injection Circuit

Unfolder

As depicted in Fig. 6.3, the grid-tied Unfolder utilized in the proposed multiport sys-

tem consists of a 3-ϕ bidirectional rectifier and common-source switches (Sx3, x ∈ {a,b, c})

for carrying the third-harmonic current. The Unfolder connects to the grid through ac-side
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Fig. 6.4: (a) 3-ϕ ac input voltages are converted to pulsating dc-link voltages, vpo, von, and
vpn, by the Unfolder; (b) switching sequence of the Unfolder switches is determined based on
the ac-voltage sectors; (c) sinusoidal 3-ϕ grid currents when the grid supplies rated power;
(d) current through the filter inductor, Lci, and its fundamental component, ici1, when the
grid supplies power; (e) sinusoidal 3-ϕ grid currents when the grid receives rated power;
(f) current through the inductor, Lci, and its fundamental component, ici1, when the grid
receives power; and (g) duty cycle used to modulate the current injection half-bridge leg.
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grid inductances, Lgrid, provided by the grid. In the Unfolder circuit, the input ac phases

are connected to the positive, negative, or midpoint of the dc-link, based on the switch-

ing sequence shown in Fig. 6.4(b). Specifically, the phases with the highest and lowest

instantaneous voltages are connected to the positive (p) and negative (n) terminals of the

dc-link, respectively, while the remaining phase is linked to the midpoint (o). As a result,

the common-source switches, Sa3, Sb3, and Sc3, operate at twice the grid frequency, whereas

the 3-ϕ bidirectional rectifier switches, Sa1, Sa2, Sb1, Sb2, Sc1, and Sc2, operate at the grid

frequency. This switching sequence results in time-varying Unfolder dc output voltages, vpo

and von, as depicted in Fig. 6.4(a). As shown in this figure, the voltages vpo and von vary

from 0 to
√
3
2 Vgm, where Vgm denotes the peak value of the Unfolder’s line-to-line ac input

voltages. Furthermore, the addition of vpo and von results in the net dc-link voltage, vpn,

which is applied across the current injection circuit and the grid-side H-bridge of the TAB-

based three-port dc-dc converter. The dc-link voltage, vpn, exhibits a six-pulse waveform,

as illustrated in Fig. 6.4(a), and varies within the range of
√
3
2 Vgm to Vgm. The pulsating

nature of all the dc output voltages of the Unfolder eliminates the need for large dc-link

capacitors. Instead, smaller capacitors, Cpo, Con, and Cpn, are specifically used to filter

the HF switching current ripple generated by the HF-switched current injection circuit and

dc-dc converter. Moreover, the low-frequency operation of the Unfolder eliminates the need

for external grid-side inductive filters, as the grid inductance is sufficient to achieve PFC.

The Unfolder is operated in open loop and cannot handle control tasks such as maintaining

sinusoidal grid currents for PFC. This control task is instead carried out by the coordinated

closed-loop control of the current injection circuit and the TAB-based dc-dc converter, as

explained in the following.

Current Injection Circuit

The current injection circuit consists of a half-bridge leg, comprising Sci1 and Sci2,

which is switched at HF of fsw-ci and is modulated by the duty cycle, dci, as illustrated in

Fig. 6.4(g). A filter inductor, Lci, is employed, which, in conjunction with the capacitors

Cpo, Con, and the grid inductances, Lgrid, forms an LCL filter to ensure that the grid
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currents do not contain significant switching frequency components. The current injection

circuit regulates the current, ici, which includes both a switching frequency component and

a fundamental component, ici1, at three times the grid frequency, using the closed-loop

control shown in Fig. 6.3. The current reference, ici-ref, for this control is calculated as

ici-ref =

√
3Igm
Vgm

(−max(vān̄, vb̄n̄, vc̄n̄)−min(vān̄, vb̄n̄, vc̄n̄)) , (6.1)

where Igm denotes the peak grid current utilized in deriving the current reference and is

determined as

Igm =
2√
3

(−Vpvipv + Veviev)

Vgm
, (6.2)

where Vpv and ipv denote the voltage and current on the dc side of the H-bridge in the

TAB-based dc-dc converter, which interfaces with the PV, while Vev and iev represent the

EV battery voltage and current supplied to the EV battery, respectively. The value of

Igm is positive when the grid supplies power and negative when the grid receives power.

The closed-loop control ensures that the fundamental component, ici1, remains equal to the

current reference, ici-ref, which results in sinusoidal grid currents, as shown in Figs. 6.4(c)

and 6.4(d) when the grid supplies power, and in Figs. 6.4(e) and 6.4(f) when the grid receives

power.

To examine how regulating the current, ici, ensures sinusoidal grid currents, the oper-

ation in Sector 3
(
2π
3 ≤ θgrid < π

)
is analyzed when the grid supplies power. Here, θgrid de-

notes the angle of the line-to-line Unfolder input voltage vāb̄, as determined by the PLL [118].

As shown in Figs. 6.4(c) and 6.4(d), the current ib in Sector 3 is equal to the current ici1,

which is maintained using the closed-loop as

ib = ici1 = Igm sin
(
θgrid − 5π/6

)
. (6.3)
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Now, consider the Unfolder input phase voltages to be

vān̄ =
(
Vgm/

√
3
)
sin
(
θgrid − π/6

)
, (6.4)

vb̄n̄ =
(
Vgm/

√
3
)
sin
(
θgrid − 5π/6

)
, (6.5)

vc̄n̄ =
(
Vgm/

√
3
)
sin
(
θgrid − 3π/2

)
, (6.6)

and the power supplied by the grid is maintained at
√
3
2 VgmIgm by the subsequent TAB-

based dc-dc converter, which controls the system power by managing the power at the dc

ports through the closed-loop control of the currents ipv and iev. In the proposed three-port

system, regulating the PV and EV port currents is sufficient to manage overall power flow,

since the grid power is automatically determined by power balance. Consequently,

vān̄ia + vb̄n̄ib + vc̄n̄ic =

√
3

2
VgmIgm . (6.7)

Moreover, since the Unfolder is a 3-ϕ, 3-wire system, the current ic can be expressed as

ic = −ia − ib . (6.8)

Combining (6.3)-(6.8) gives

ia = Igm sin
(
θgrid − π/6

)
, and (6.9)

ic = Igm sin
(
θgrid − 3π/2

)
. (6.10)

Therefore, by regulating the injection current ici and ensuring the correct grid power level

through the closed-loop control of the TAB-based dc-dc converter, sinusoidal grid currents

are maintained. Such coordinated closed-loop control of the current injection circuit and

the TAB-based dc-dc converter ensures PFC.

6.3.2 Design of the Unfolder and Current Injection Circuit
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Unfolder

As previously discussed, the Unfolder operates at a maximum of twice the grid fre-

quency, leading to negligible switching losses. The power dissipation in the Unfolder is due

to conduction losses, which are determined by the rms currents through the MOSFETs,

given as

Iunf-rms-S1/2 = Igm

√
1

6
+

√
3

8π
, Iunf-rms-S3 = Igm

√
1

6
−

√
3

4π
, (6.11)

where Iunf-rms-S1/2 denotes the rms current of the top and bottom MOSFETs, and Iunf-rms-S3

represents the rms current of the common-source MOSFETs in the Unfolder. Additionally,

the MOSFET blocking voltages are given by

Vunf-block-S1/2 = Vgm , Vunf-block-S3 =

√
3

4
Vgm , (6.12)

for the top and bottom MOSFETs, and for the common-source MOSFETs, respectively.

The conduction losses, derived using the rms currents, along with the blocking voltage

calculations, provide essential parameters for selecting appropriate MOSFETs and designing

the Unfolder effectively.

Current Injection Circuit

For the current injection circuit, the filter inductor Lci and the half-bridge leg must

be designed. The inductor value is determined based on the allowable switching frequency

ripple in ici, which consists of both a switching frequency component and a fundamental

component, ici1, at three times the grid frequency. The switching frequency ripple exhibits

a triangular waveform, with its peak-to-peak value given by

∆ici =
1

Lcifsw-ci

(
1

vpo + 1
von

) . (6.13)
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Since the dc voltages, vpo and von, are time-varying, the peak-to-peak ripple changes over

the grid cycle. The maximum peak-to-peak ripple is given by

∆Ici-max =
Vgm

4Lcifsw-ci
, (6.14)

which occurs at θgrid =
(
kπ
3 − π

6

)
, where k ∈ {1, 2, 3, 4, 5, 6} represents the Unfolder sector,

as seen in Figs. 6.4(d) and 6.4(f). The rms value of this maximum ripple is given by

∆Ici-max-rms =
Vgm

8
√
3Lcifsw-ci

. (6.15)

Moreover, the rms of the fundamental component, ici1, is

Ici1-rms = Igm

√
1

2
− 3

√
3

4π
. (6.16)

The inductor, Lci, can now be selected such that the ratio ∆Ici-max-rms/Ici1-rms remains below

25%, ensuring minimal switching frequency components in the grid currents, as determined

by

Lci ≥
Vgm

fsw-ciIgm

√
6− 9

√
3

π

. (6.17)

The half-bridge leg in the current injection circuit operates at a switching frequency

of fsw-ci, resulting in both conduction and switching losses. The conduction losses are

determined by the rms currents through the MOSFETs, given by

Ici-rms-Sci1/2 = Igm

√
1

4
− 3

√
3

8π
. (6.18)

Additionally, the MOSFETs need to block the peak value of the dc-link voltage, vpn, which

is equal to Vgm. When calculating the switching losses of the half-bridge leg, it is essential to

account for the fact that half of the MOSFET switching transitions exhibit soft-switching.
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This is due to the triangular waveshape of the current, ici, which alternates in polarity,

facilitating soft-switching for half of the transitions. The hard-switching losses for the re-

maining transitions can be determined using the turn-on and turn-off energy losses specified

in the MOSFET datasheet. These energy values must be appropriately scaled based on the

voltage and current levels at which switching occurs, as well as the selected gate resistance

in the circuit. Additionally, losses associated with the output capacitance (Coss) of the

MOSFET must be considered. The switching loss analysis for a half-bridge configuration

is provided in [119]. The conduction losses, determined from the rms current, along with

the blocking voltage and switching loss calculations, serve as critical parameters for optimal

MOSFET selection and effective half-bridge leg design in the current injection circuit.

6.4 Design of the TAB-Based Three-Port DC-DC Converter

6.4.1 Analysis of the Power Flow

As previously discussed, the proposed TAB-based three-port dc-dc converter incorpo-

rates a DAB-based power architecture for dc-dc conversion between the PV and grid ports,

while an LCL resonant tank is utilized for power transfer to the EV port, enabling a wide

voltage range for the EV battery load. The power transfer between the PV and grid ports

can be evaluated using the exact power flow expression for a DAB converter. On the other

hand, for the power transfer paths from the PV port to the EV port and from the grid port

to the EV port, the FHA is applicable due to the higher-order nature of the LCL tank,

which results in near-sinusoidal tank currents on the EV side. Under the FHA, the LCL

tank can be modeled by an inductor, Llke + Les, in series with the fundamental sinusoidal

component of vxye, denoted as vxye1, as depicted in Fig. 6.5(a), when analyzing steady-

state power flow. Additionally, the three-port wye-connected system can be equivalently

represented by a delta-connected configuration for the purpose of power flow analysis, as

illustrated in Fig. 6.5(b). Furthermore, all quantities involved in the power flow analysis
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Fig. 6.5: (a) Using the FHA, the EV HF side with the LCL tank is modeled as an inductor,
Llke + Les, in series with the fundamental sinusoidal component of vxye, denoted as vxye1,
for steady-state power flow analysis; and (b) power flow analysis is performed by applying
a wye-delta transformation to the tank and associated ports.

are referred to the PV side to maintain analytical consistency and are defined as

vp = vxyp , (6.19)

vg = vxyg

(
Np

Ng

)
, (6.20)

ve = vxye

(
Np

Ne

)
, (6.21)

Lp = Llkp , (6.22)

Lg = Llkg

(
Np

Ng

)2

, (6.23)

Le = (Llke + Les)

(
Np

Ne

)2

, (6.24)
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Fig. 6.6: The figure corresponds to the case where the HF ac voltage of the PV port leads
that of the grid port, and both lead the EV port. In this operating condition, the PV port
delivers positive power, while the EV port receives positive power. The net power supplied
by the grid port may be either positive or negative, depending on the relative phase shifts.
(a) Square-wave voltage waveforms at the HF sides of the respective ports, referenced to
the PV side; (b) phasor diagram of the fundamental components of these voltages; and
(c) corresponding power flow diagram among the three ports.

Lpg = Lp + Lg +
LpLg

Le
, (6.25)

Lpe = Lp + Le +
LpLe

Lg
, (6.26)

Lge = Lg + Le +
LgLe

Lp
. (6.27)

Utilizing the delta-equivalent configuration depicted in Fig. 6.5(b), the power flow equations

are derived as

Ppg =
VppVgp
ωsLpg

ϕpg

(
1− ϕpg

π

)
, (6.28)

Ppe =
8

π2
VppVep
ωsLpe

sin(ϕpe) , (6.29)

Pge =
8

π2
VgpVep
ωsLge

sin(ϕpg + ϕpe) , (6.30)
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Fig. 6.7: The figure corresponds to the case where the HF ac voltage of the grid port leads
that of the PV port, and both lead the EV port. Under this operating condition, the
power demand at the EV port exceeds the available power from the PV port; therefore,
the grid port supplies additional positive power, while the EV port continues to receive
positive power. (a) Square-wave voltage waveforms at the HF sides of the respective ports,
referenced to the PV side; (b) phasor diagram of the fundamental components of these
voltages; and (c) corresponding power flow diagram among the three ports.

Pp = Ppg + Ppe , (6.31)

Pg = −Ppg + Pge , (6.32)

Pe = −Ppe − Pge , (6.33)

where ωs denotes the angular switching frequency of the dc-dc converter, Ppg represents the

power transfer from the PV port to the grid port, Ppe corresponds to the power transfer

from the PV port to the EV port, and Pge denotes the power transfer from the grid port to

the EV port. The parameters Vpp, Vgp, and Vep denote the peak amplitudes of the HF ac

square-wave voltages referred to the PV side, as illustrated in Figs. 6.6(a) and 6.7(a). The

phase shifts between the square-wave voltages on the PV-to-grid and PV-to-EV sides are

given by ϕpg and (π − ϕpe), respectively, as shown in Figs. 6.6 and 6.7. Lpg, Lpe, and Lge
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are the tank inductances represented in the delta configuration, as depicted in Fig. 6.5(b).

Finally, Pp, Pg, and Pe denote the net power flowing into or out of the PV, grid, and EV

ports, respectively.

In this study, it is considered that the PV port supplies power within the range of 0 to

Prated, while the EV port receives power within the same range. If the PV port generates

more power than required by the EV battery, the excess is received by the grid port.

Conversely, if the PV port cannot supply sufficient power to the EV battery, the deficit is

supplied by the grid port. Accordingly, all possible cases of square-wave voltage waveforms,

phasor diagrams, and the corresponding power flow diagrams are illustrated in Figs. 6.6 and

6.7. From these figures, it can be observed that the EV-side square-wave voltage is kept at

a phase lag of (π − ϕpe) with respect to the PV-side voltage, which maintains a phase lag

greater than π
2 . This ensures the correct polarity and magnitude of the current flowing into

the EV-side H-bridge, ie-eq, in the LCL tank, thereby enabling ZVS of the H-bridge over a

wide range of EV battery voltages. This phenomenon is explained below.

LCL Resonant Tank under Wide Load-Voltage Variation

In an LCL resonant tank, the inductances of L1 and L2, as shown in Fig. 6.8(a), are

kept equal, and the capacitor C1 is selected to resonate with these inductors at the switching

frequency of operation [114–117], resulting in

C1 =
1

ω2
sL1

=
1

ω2
sL2

. (6.34)

By representing the circuit in Fig. 6.8(a) in Norton form, with the capacitor C1 resonating

with the inductor L1 at the switching frequency, a current source at the switching frequency

is generated that flows through the inductor L2 and into the connected H-bridge (repre-

senting the EV-side H-bridge in this study). This current source, illustrated in Fig. 6.8(b),

is calculated as

iL2 =
v1

jωsL1
=

v1
ωsL1

∠
(
−π
2

)
. (6.35)



205

L1 L2

C1v1 v2 L1

L2

C1iL v22
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Fig. 6.8: (a) Circuit of an LCL tank, and (b) equivalent Norton form, where the capacitor
C1 resonates with the inductor L1 at the switching frequency, generating a current source
that flows through the inductor L2.

Since the current flowing into the H-bridge has a phase lag of π
2 , the H-bridge can be

switched such that its input voltage, v2, maintains a phase lag greater than π
2 . This ensures

that the polarity and magnitude of the current entering the load-side H-bridge are suitable

to achieve ZVS of the MOSFETs [115, 117]. From (6.35), it is observed that the current

iL2 is independent of v2, and hence the load-side dc voltage does not affect iL2 . In other

words, variations in the EV battery load voltage do not influence the current responsible

for enabling ZVS in the H-bridge. Consequently, ZVS of the EV-side H-bridge can always

be ensured over a wide range of battery voltages, provided the EV-side square-wave volt-

age is maintained with a phase lag greater than π
2 by appropriately switching the H-bridge

MOSFETs. Furthermore, to achieve the above-mentioned current source, which is indepen-

dent of the battery load voltage, the dc-dc converter must operate at a constant switching

frequency equal to the resonant frequency of the capacitor C1 and the inductor L1.

6.4.2 Analytical Tank Currents Over the Switching Period

Analytical tank currents are essential for selecting tank components, as they enable

the calculation of conduction losses and the optimization of the tank design. To calculate

the analytical tank currents, a case is considered where the HF ac square-wave voltage of

the PV port leads that of the grid port, and both lead the EV port, as shown in Fig. 6.6.

The analysis can also be extended to the alternate case shown in Fig. 6.7. The analytical

tank currents are derived piecewise by solving differential equations across three distinct

time intervals: (i) 0 ⩽ t < tpg, (ii) tpg ⩽ t < (Ts/2), and (iii) tpe ⩽ t < (Ts/2) + tpe, as
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Table 6.1: Analytical tank currents referenced to the PV side.

Expression for 0 ⩽ t < tpg

ip(t) −Ip1 +
Vpp (1 +Klpe) t+ Vgpt

Lp (2 +Klpe)
+
V p
e-eq-p (cos(ωst− θce-eq)− cos(θce-eq))

ωsLe (2 +Klpe)

ig(t) −Ig1 −
(Vpp + Vgp) t

Lg
+
Vpp (1 +Klge) t+ Vgpt

Lg (2 +Klge)
+

V p
e-eq-p (cos(ωst− θce-eq)− cos(θce-eq))

ωsLe (2 +Klge)

ie(t) ip(t) + ig(t)

Ip1
(Vpp (1 +Klpe)− Vgp)π

2ωsLp (2 +Klpe)
+

Vgptpg
Lp (2 +Klpe)

− V p
e-eq-p cos(θce-eq)

ωsLe (2 +Klpe)

Ig1
(Vgp − Vpp)π

2ωsLg
−Vgptpg

Lg
+
(Vpp (1 +Klge)− Vgp)π

2ωsLg (2 +Klge)
+

Vgptpg
Lg (2 +Klge)

−V
p
e-eq-p cos(θce-eq)

ωsLe (2 +Klge)

Expression for tpg ⩽ t < (Ts/2)

ip(t) Ip2 +
Vpp (1 +Klpe) t− Vgpt

Lp (2 +Klpe)
+

V p
e-eq-p (cos(ωs(t+ tpg)− θce-eq)− cos(ωstpg − θce-eq))

ωsLe (2 +Klpe)

ig(t) −Ig2 −
(Vpp − Vgp) t

Lg
+
Vpp (1 +Klge) t− Vgpt

Lg (2 +Klge)
+

V p
e-eq-p (cos(ωs(t+ tpg)− θce-eq)− cos(ωstpg − θce-eq))

ωsLe (2 +Klge)

ie(t) ip(t) + ig(t)

Ip2 −Ip1 +
Vpp (1 +Klpe) tpg + Vgptpg

Lp (2 +Klpe)
+
V p
e-eq-p (cos(ωstpg − θce-eq)− cos(θce-eq))

ωsLe (2 +Klpe)

Ig2 Ig1 +
(Vpp + Vgp) tpg

Lg
−
Vpp (1 +Klge) tpg + Vgptpg

Lg (2 +Klge)
−

V p
e-eq-p (cos(ωstpg − θce-eq)− cos(θce-eq))

ωsLe (2 +Klge)

Expression for tpe ⩽ t < (Ts/2) + tpe

ipe-eq Ipe-eq −
V p
e-eq-p (cos(ωs(t+ tpe)− θce-eq)− cos(ωstpe − θce-eq))

ωsL
p
e-eq

− Vept

Lp
e-eq

Ipe-eq
Vepπ − 2V p

e-eq-p cos(ωstpe − θce-eq)

2ωsL
p
e-eq
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Fig. 6.9: Analytical tank currents referenced to the PV side for the following power flow
conditions: (a) the PV port supplies full power to the EV battery, with no power delivered
to the grid, and (b) the PV port supplies full power to the grid, while the EV battery is
disconnected, resulting in zero power at the EV port by maintaining a zero ac square-wave
voltage on the EV side. The shape of the tank currents varies throughout the grid cycle
due to the pulsating dc-link voltage, vpn. The waveforms in this figure correspond to the
condition where vpn is at its maximum.
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illustrated in Fig. 6.9. The resulting tank current expressions, referenced to the PV side,

are provided in Table 6.1. In these expressions, V p
e-eq-p (= Ve-eq-p(Np/Ne)) denotes the peak

voltage across the tank capacitor Ce-eq, referenced to the PV side, while θce-eq represents

the phase lag of this voltage with respect to the square-wave voltage at the PV side, and

ip = ilkp , (6.36)

ig = ilkg

(
Ng

Np

)
, (6.37)

ie = ilke

(
Ne

Np

)
, (6.38)

ipe-eq = ie-eq

(
Ne

Np

)
, (6.39)

Lp
e-eq = Le-eq

(
Np

Ne

)2

, (6.40)

Klpe =
Lp

Le
, (6.41)

Klge =
Lg

Le
. (6.42)

The analytical tank currents provided in Table 6.1 are plotted in Fig. 6.9. These

expressions, referenced to the PV side, can be referred to the respective grid and EV sides

using the transformer turn ratios. The rms values of these tank current waveforms can

be computed using MATLAB, and based on these values, the conduction losses in the

transformer, LCL tank network, and TAB MOSFETs can be accurately determined.

6.4.3 H-Bridge Voltages and Tank Currents During Switching Transitions

As the TAB-based three-port dc-dc converter operates at a high switching frequency

of fs, it is important to achieve ZVS for all three H-bridges to minimize switching losses.

To ensure the ZVS of the MOSFETs, it is essential to observe the H-bridge voltages and

corresponding tank currents during the switching transitions in the dead-time intervals.

These voltages and currents are calculated for the three transitions identified in Figs. 6.9(a)

and 6.9(b), referred to as transitions I, II, and III. During each transition, the H-bridge

undergoing switching is modeled using a charge-equivalent capacitor [29,30,72] that accounts
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for the nonlinear variation of the MOSFET output capacitance, Coss, with respect to the

drain-to-source voltage, as given by

Ceq,Q

∣∣∣vc
0
=

1

vc

∫ vc

0
Coss|v dv, (6.43)

where the charge stored in Ceq,Q at voltage vc is the same as the charge stored when charging

Coss from 0 to vc, where vc can be any value from 0 to the rated operating voltage of the

MOSFET.

The equivalent circuits corresponding to transitions I, II, and III are depicted in Figs.

6.10(a), 6.10(b), and 6.10(c), respectively. All circuits are referred to the PV side. Due to

the relatively large inductance of Le, the EV side can be approximated as a current source

with a value equal to the current flowing through Le, denoted as ie, during the analysis of

the PV and grid-side H-bridge transitions. During transition I, the differential equations

corresponding to the equivalent circuit in Fig. 6.10(a) are solved to obtain the expressions

for the voltage vp and the current ip during the switching transition, given by

vp(t) = Ap cos (ωpt+Bp)− Vgp , (6.44)

ip(t) =
Ap

Rp
sin (ωpt+Bp) , (6.45)

where

ωp =
1√

(Lp + Lg)Ceq,Q-p

, Rp =

√
Lp + Lg

Ceq,Q-p
, (6.46)

Bp = tan−1

(
−Ip1Rp

−Vpp + Vgp

)
, Ap =

−Vpp + Vgp
cos(Bp)

. (6.47)

Using (6.44), the ZVS time required for the PV side H-bridge MOSFETs to complete the

Coss charging or discharging process, corresponding to the voltage vp transitioning from

−Vpp to Vpp, can be calculated. The ZVS time is given by
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Fig. 6.10: Equivalent circuits, referred to the PV side, during switching transitions: (a) I,
(b) II, and (c) III, where V p

e-eq-III denotes the voltage across the tank capacitor Ce-eq during
transition III, referred to the PV side.

tzvs-pv =
sin−1

(
Vpp+Vgp

Ap

)
−Bp − π

2

ωp
. (6.48)

Similarly, the analysis can be extended to derive the expressions for transition II as

vg(t) = Ag cos (ωgt+Bg) + Vpp , (6.49)

ig(t) =
Ag

Rg
sin (ωgt+Bg) , (6.50)

tzvs-grid =
sin−1

(
Vgp−Vpp

Ag

)
−Bg − π

2

ωg
, (6.51)

where

ωg =
1√

(Lg + Lp)Ceq,Q-g

, Rg =

√
Lg + Lp

Ceq,Q-g
, (6.52)

Bg = tan−1

(
−Ig2Rg

−Vgp − Vpp

)
, Ag =

−Vgp − Vpp
cos(Bg)

. (6.53)

Finally, the analysis can be extended to derive the expressions for transition III as

ve(t) = Ae cos (ωet+Be) + V p
e-eq-III , (6.54)

ipe-eq(t) =
−Ae

Re
sin (ωet+Be) , (6.55)

tzvs-ev =

sin−1

(
Vep−V p

e-eq-III

Ae

)
−Be − π

2

ωe
, (6.56)
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where

ωe =
1√

Lp
e-eqCeq,Q-e

, Re =

√
Lp
e-eq

Ceq,Q-e
, (6.57)

Be = tan−1

(
−Ipe-eqRe

−Vep − V p
e-eq-III

)
, Ae =

−Vep − V p
e-eq-III

cos(Be)
, (6.58)

V p
e-eq-III = V p

e-eq-p sin(ωstpe − θce-eq) . (6.59)

In the above equations, the charge-equivalent capacitors Ceq,Q-p, Ceq,Q-g, and Ceq,Q-e

are all referred to the PV side.

6.4.4 Optimized Selection of the Tank Components

As the proposed multiport system involves multiple power flow scenarios, the tank

component selection process for the TAB-based dc-dc converter is simplified by considering

the case where the PV port supplies the full rated power, Prated, and the EV port receives

power ranging from 0 to Prated. If the EV port requires less than Prated, the remaining

power is delivered to the grid port. The optimization is performed by determining the phase

shifts, ϕpg and (π − ϕpe), along with the corresponding tank components, to minimize the

rms tank currents, as calculated using the expressions in Section 6.4.2, thereby reducing

conduction losses. Moreover, sufficient tank current magnitude and appropriate polarity

during the switching transitions are ensured to achieve ZVS for all three H-bridges, based

on the analysis presented in Section 6.4.3.

For the power architecture between the PV and grid ports in the proposed multiport

system, the operating point corresponding to the minimum phase shift, ϕpg, results in a

lower tank current for ZVS on the grid side during switching transitions and therefore

requires careful analysis to ensure ZVS of the grid-side H-bridge. Guaranteeing ZVS at this

operating point inherently ensures ZVS across all other operating points. Furthermore, as

discussed earlier in Section 6.4.1, the EV-side HF ac square-wave voltage is maintained at a

phase lag of (π−ϕpe) relative to the PV-side voltage, which maintains the phase lag greater

than π
2 . It must be ensured that this phase lag does not fall below π

2 , as doing so could
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compromise closed-loop control stability and also result in the EV-side H-bridge losing ZVS,

as explained in Section 6.4.1. Considering these factors, it is evident that lower values of

the phase shifts, ϕpg and (π−ϕpe), must be carefully selected to avoid issues related to ZVS

and control stability. Therefore, phase shift selection should be based on the power flow

scenario that requires relatively smaller phase shift values, corresponding to the case where

the EV port receives the full power from the PV port, while the grid port receives no power.

Now, for this power flow scenario, the phase shifts are swept from 0 to π
2 and from π

2 to π,

corresponding to (ϕpg)sweep and (π − ϕpe)sweep, respectively. For each value in these phase

shift sweeps, the corresponding tank component values are subsequently calculated. The

tank inductors represented in a delta-connected configuration, Lpg, Lpe, and Lge, are first

calculated using the power flow equations given in (6.28)–(6.33). Using these, the individual

tank components are then calculated as

Llkp = Lp =
LpgLpe

Lpg + Lpe + Lge
, (6.60)

Llkg = Lg

(
Ng

Np

)2

=
LpgLge

Lpg + Lpe + Lge

(
Ng

Np

)2

, (6.61)

Llke + Les = Le

(
Ne

Np

)2

=
LpeLge

Lpg + Lpe + Lge

(
Ne

Np

)2

. (6.62)

Now, Le-eq is determined by calculating the equivalent inductance referred to the EV side,

using the parallel combination of Lp and Lg in series with Le, as

Le-eq =

(
Le +

LpLg

Lp + Lg

)(
Ne

Np

)2

. (6.63)

Finally, Ce-eq is selected to resonate at the switching frequency with the equivalent induc-

tance calculated above, as discussed in Section 6.4.1. The value of this capacitor is given

as

Ce-eq =
1

ω2
sLe-eq

. (6.64)

Following the calculation of multiple sets of tank component values corresponding to
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Fig. 6.11: Different values of phase-shift combinations, (ϕpg)sweep and (π − ϕpe)sweep, are
considered. Based on these values, tank components are calculated. The corresponding
analytical tank currents and conduction losses are then evaluated across various operating
scenarios: (a) the PV port supplies full power to the EV port, (b) the PV port supplies
power to both the EV and grid ports, and (c) the PV port supplies all power to the grid
port. The pulsating nature of the dc-link voltage, vpn, is also taken into account.

various combinations of (ϕpg)sweep and (π− ϕpe)sweep, the analytical tank currents and cor-

responding conduction losses can be evaluated for various operating scenarios: (i) the PV
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port supplies the full power to the EV port, (ii) the PV port supplies power to both the

EV and grid ports, and (iii) the PV port supplies all the power to the grid port. By eval-

uating the conduction losses for various power flow scenarios, the selection of optimized

tank components can be done, which leads to an efficient dc-dc converter for various op-

erating conditions. The evaluated conduction losses for these three power flow scenarios

are illustrated in Figs. 6.11(a), 6.11(b), and 6.11(c), respectively. The x-axis in all these

plots represents each value in the phase shift sweeps and the corresponding evaluated tank

components. It should also be noted that the conduction loss calculations account for all

MOSFETs in the H-bridges of the dc-dc converter. These figures reveal a plateau region of

minimal conduction losses, indicating favorable phase-shift combinations for efficient dc-dc

converter operation.

For the ZVS analysis, the H-bridge voltages and corresponding tank currents during

the switching transitions are derived using (6.44), (6.45), (6.49), (6.50), (6.54), and (6.55).

Based on these expressions, state-plane diagrams for switching transitions I, II, and III,

corresponding to the PV-side, grid-side, and EV-side H-bridges, are plotted in Fig. 6.12.

For ZVS of the MOSFETs, the polarity and magnitude of the tank currents must be ap-

propriate to charge or discharge the Coss of the MOSFETs. This ensures that the voltages

vp, vg, and ve, corresponding to the PV-side, grid-side, and EV-side H-bridges, respectively,

transition completely from −Vpp to Vpp, −Vgp to Vgp, and −Vep to Vep during transitions

I, II, and III, within the dead time. Phase-shift combinations, along with their associated

tank components and tank currents, that fail to fully transition these voltages within the

dead time are excluded from consideration. Such failures, resulting from either incorrect

polarity or insufficient magnitude of the tank currents, lead to incomplete or no ZVS.

Moreover, the ZVS durations are calculated using (6.48), (6.51), and (6.56). Phase-

shift combinations that result in ZVS durations exceeding 150 ns are also excluded. This

threshold is selected based on the hardware implementation, which uses a constant dead

time of 150 ns, corresponding to 1.5% of the switching period. This value serves as a

practical upper bound to avoid the effect of switching transitions during the dead time on
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Fig. 6.12: State-plane diagrams for three phase-shift combinations (#1, #2, and #3) of
(ϕpg)sweep and (π − ϕpe)sweep, plotted using the expressions for H-bridge voltages and tank
currents derived in (6.44), (6.45), (6.49), (6.50), (6.54), and (6.55), during the switching
transitions of (a) PV-side H-bridge (transition I), (b) grid-side H-bridge (transition II), and
(c) EV-side H-bridge (transition III). Phase-shift combinations #1 and #2 result in partial
or no ZVS for the PV and grid-side H-bridge MOSFETs, whereas combination #3 achieves
complete ZVS across all three H-bridges of the TAB. For phase-shift combination #3, the
respective tank current polarities for all three transitions are correct and have sufficient
magnitude to transition H-bridge voltages from −V to +V within the dead time.

Fig. 6.13: Averaged conduction losses of the TAB-based three-port dc-dc converter for
different combinations of phase shifts, (ϕpg)sweep and (π−ϕpe)sweep, combining the operating
cases shown in Fig. 6.11. The figure also highlights non-favorable operating regions where
complete ZVS is not achieved or the ZVS duration exceeds the 150 ns limit. The selected
operating point is chosen to minimize conduction losses and ensure complete ZVS.

the steady-state power flow.

Fig. 6.13 presents a consolidated analysis of the average conduction losses of the dc-dc

converter, and it also highlights the non-favorable operating regions where complete ZVS is
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voltage transitions (-V to +V).

Derive H-bridge voltages and tank 
currents during transitions I, II, and 

III (Eqs. (6.44), (6.45), (6.49), (6.50), 
(6.54), and (6.55)). Check if current 
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Compute rms tank currents and conduction losses for different operating 
points (Section 6.4.2).
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Calculate TAB tank components (Eqs. (6.28)-(6.33) and (6.60)-(6.64)).Calculate TAB tank components (Eqs. (6.28)-(6.33) and (6.60)-(6.64)).

Fig. 6.14: Flowchart illustrating the process for determining optimized tank components to
minimize conduction losses and ensure complete ZVS.
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Fig. 6.15: Phase shifts ϕpg and (π − ϕpe) corresponding to various power flow scenarios
considered in this study are shown. The pulsating nature of the dc-link voltage, vpn, is also
taken into account for each power flow case.

not achieved or the ZVS duration exceeds the 150 ns limit. By excluding such non-favorable

regions and minimizing conduction losses, the optimal phase-shift combination is identified,

as illustrated in Fig. 6.13. The corresponding evaluated tank parameters are detailed in

the experimental validation section. A flowchart is provided in Fig. 6.14, illustrating the

process for determining optimized TAB-based dc-dc converter tank components to minimize

conduction losses and ensure complete ZVS. Finally, for the selected tank components, the

calculated phase shifts ϕpg and (π−ϕpe), corresponding to all power flow scenarios discussed

in Section 6.4.1, are presented in Fig. 6.15.

6.5 Control and Modeling of the Multiport System

The multiport system is designed to support multiple power flow scenarios, as discussed

in Section 6.4.1. The proposed control architecture, illustrated in Fig. 6.3, autonomously

manages all corresponding power flow directions. The phase shift between the ac square

wave voltages at the PV and grid sides, ϕpg, regulates the PV current, ipv, whereas the

phase shift between the PV and EV sides, (π − ϕpe), regulates the EV current, iev. The

current references for these two control loops can be generated through supervisory control

that incorporates the MPPT algorithm for PV-based renewable sources, along with the EV

battery charging profile. Based on real-time evaluation of the power demand at the EV port
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Fig. 6.16: (a) Pulsating dc-link voltages vpo, von, and vpn on the grid side. Since the
pulsating vpn connects to the grid-side H-bridge, 360 Hz variations in the control angles are
required to regulate PV and EV currents: (b) ϕpg, (c) (π − ϕpe).

and the available power from the PV port, the system accordingly computes the current

reference for grid-side current injection using (6.1) and (6.2), as detailed in Section 6.3.

This ensures the generation of appropriate sinusoidal grid currents that either receive the

excess power or supply the required deficit.

As discussed earlier, the dc-link voltage on the grid side, vpn, exhibits a six-pulse

waveform at six times the grid frequency, which corresponds to 360 Hz in this study. To

regulate accurate power flow at all ports, the associated control loops must operate with

closed-loop bandwidths exceeding 360 Hz. This enables appropriate variations in the control

angles ϕpg and (π − ϕpe), as shown in Fig. 6.16, to regulate the PV and EV currents

over the grid cycle. Appropriate selection of bandwidths requires the derivation of the

plant transfer functions for all control loops shown in Fig. 6.3. The plant for the grid side

current injection control is modeled as Gplant-ci = 1/(sLci). The plant transfer functions

for the PV and EV current control loops are derived using a phasor transformation-based

small-signal modeling approach [60–63, 94]. This modeling process consists of three main

steps: (i) steady-state analysis to establish the relationship between steady-state PV or EV



219

C
pn

v p
n

i pn
i pndc i pndc

1 
: S

g
1 

: S
g

v x
yg

1
v x

yg
1

V x
yg

1
V x

yg
1

jω
sL

lk
g

L l
kg

C
pv

V p
v

i pv
i pvdc i pvdc

1 
: S

p
1 

: S
p

v x
yp

1
v x

yp
1

V x
yp

1
V x

yp
1

jω
sL

lk
p

L l
kp

C e
v

V e
v

i ev
i evdc i evdc

C e
-e

q
jω

sC
e-

eq

1

N e

N
p

N
g

N
p

N
g

N e

N
p

N
g

L l
ke

+
L e

s
jω

s(L
lk

e+
L e

s)

L e
-e

q
jω

sL
e-

eq

S e
 : 

1
S e

 : 
1

v x
ye

1
v x

ye
1

V x
ye

1
V x

ye
1

V x
ye

1

i lk
p

i lk
p

i lk
g

i lk
g

i lk
e

i lk
e

i e-
eq

i e-
eq

v p
ri

v p
ri

v p
ri

v p
ri

v s
ec

v s
ec

v s
ec

v s
ec

V p
ri

V p
ri

V p
ri

V s
ec

V s
ec

V s
ec

v te
r

v te
r

v te
r

v te
r

V t
er

V t
er

V t
er

F
ig
.
6.
17

:
C
o
m
b
in
ed

st
ea
d
y
-s
ta
te

a
n
d
sm

al
l-
si
gn

al
p
h
as
or
-t
ra
n
sf
or
m
ed

re
p
re
se
n
ta
ti
on

of
th
e
T
A
B
-b
as
ed

th
re
e-
p
or
t
d
c-
d
c
co
n
ve
rt
er

w
it
h
a
th
re
e-
w
in
d
in
g
tr
a
n
sf
or
m
er

an
d
an

L
C
L

ta
n
k
on

th
e
E
V

si
d
e.



220

currents and their corresponding steady-state phase shift control variables; (ii) derivation of

the phasor-transformed equivalent circuit for the TAB-based three-port dc-dc converter, as

illustrated in Fig. 6.17; and (iii) small-signal derivation of the plant transfer functions based

on the aforementioned phasor-transformed circuit. The resulting plant transfer functions

for the PV and EV current control loops are

Gplant-pv =
îpv

ϕ̂pg
=
î
ilkp-mag
pv

îlkp-mag

îlkp-mag

ϕ̂pg
+
î
θlkp
pv

θ̂lkp

θ̂lkp

ϕ̂pg
, (6.65)

Gplant-ev =
îev

ϕ̂pe
=
î
ie-eq-mag
ev

îe-eq-mag

îe-eq-mag

ϕ̂pe
+
î
θle-eq
ev

θ̂le-eq

θ̂le-eq

ϕ̂pe
+
î
ϕpe
ev

ϕ̂pe
, (6.66)

where

î
ilkp-mag
pv

îlkp-mag

=
2

π
cos(Θlkp) , (6.67)

î
θlkp
pv

θ̂lkp
=

2

π
Ilkp-mag sin(Θlkp) , (6.68)

î
ie-eq-mag
ev

îe-eq-mag

=
2

π
cos(π − Φpe −Θle-eq) , (6.69)

î
θle-eq
ev

θ̂le-eq
=

2

π
Ie-eq-mag sin(π − Φpe −Θle-eq) , (6.70)

î
ϕpe
ev

ϕ̂pe
=

2

π
Ie-eq-mag sin(π − Φpe −Θle-eq) , (6.71)

and
îlkp-mag

ϕ̂pg
,
θ̂lkp

ϕ̂pg
,
îe-eq-mag

ϕ̂pe
, and

θ̂le-eq

ϕ̂pe
are calculated by splitting the equations

ˆ#   »
ilkp

ϕ̂pg
and

ˆ#     »
ie-eq

ϕ̂pe
, derived using Fig. 6.17, into their linearized magnitude and phase components using

a first-order Taylor series approximation, as detailed in Chapter 5.

In the above equations, î
ilkp-mag
pv and î

θlkp
pv represent perturbations in the PV current,

ipv, that depend upon the small-signal changes in the magnitude (̂ilkp-mag) and phase (θ̂lkp)

of the tank current phasor on the PV side (
#   »
ilkp), respectively. These perturbations arise due

to small-signal deviations introduced in the control input ϕpg. Similarly, î
ie-eq-mag
ev and î

θle-eq
ev

are perturbations in the EV battery current, iev, that depend upon the small-signal changes
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Fig. 6.18: Comparison of Bode plots of the plant (Gplant-pv = îpv/ϕ̂pg) of the TAB-based three-
port dc-dc converter, obtained from the phasor transformation-based small-signal modeling
and PLECS multitone analysis-tool-based simulation.

Fig. 6.19: Comparison of Bode plots of the plant (Gplant-ev = îev/ϕ̂pe) of the TAB-based three-
port dc-dc converter, obtained from the phasor transformation-based small-signal modeling
and PLECS multitone analysis-tool-based simulation.

in the magnitude (̂ie-eq-mag) and phase (θ̂le-eq) of the EV side H-bridge input current phasor

(
#     »
ie-eq), respectively. These perturbations arise due to small-signal deviations introduced

in the control input ϕpe. Moreover, î
ϕpe
ev represents the direct effect of the small-signal

change in ϕpe on the current iev. Finally, Θlkp, Ilkp-mag, Φpe, Θle-eq, and Ie-eq-mag denote the

steady-state values of the corresponding system parameters.

The Bode plots of the plant transfer functions Gplant-pv and Gplant-ev, derived from pha-

sor transformation-based modeling, are validated through comparison with the Bode plots

obtained via multitone analysis using the PLECS simulation tool, as shown in Figs. 6.18 and

6.19. The Bode plots are provided for the case where the grid-side dc-link voltage equals

its average value. Additionally, the parameters of the PI controller employed in all three
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Table 6.2: PI controller parameters for various closed-loop controls.

Plant Being Compensated Bandwidth (Hz) Kp-PI Ki-PI

Gplant-ci 1800 8.28 23403.5

Gplant-pv 1080 0.01 252.4

Gplant-ev 720 0.1 1574.7

control loops, along with their respective closed-loop bandwidths, are provided in Table 6.2.

6.6 Three-Winding Transformer Design

As discussed earlier, a DAB-based power architecture is employed for the PV-to-grid

side dc-dc conversion. The required tank inductance for power transfer is integrated into

the three-winding transformer through its leakage inductance. This integration eliminates

the need for additional discrete inductors on both the PV and grid HF ac sides, thereby

reducing the number of magnetic components and enhancing overall system efficiency and

power density. The equivalent leakage inductance between the PV and grid-side windings,

referred to the PV side, is given as

Llk-pv-grid = Llkp + Llkg

(
Np

Ng

)2

= Lp + Lg . (6.72)

Moreover, the equivalent leakage inductances between the EV and grid-side windings, and

between the EV and PV-side windings, both referred to the PV side, are given as

Llk-ev-grid = Llke

(
Np

Ne

)2

+Llkg

(
Np

Ng

)2

= Llke

(
Np

Ne

)2

+Lg , (6.73)

Llk-ev-pv = Llke

(
Np

Ne

)2

+ Llkp = Llke

(
Np

Ne

)2

+ Lp . (6.74)

In this study, the design choice of Lp = Lg is considered to ensure that the LCL tank remains

symmetric for power transfer from both the PV and grid ports to the EV port. From (6.73)

and (6.74), it can be observed that, to maintain Lp = Lg, Llk-ev-pv should be equal to

Llk-ev-grid. This implies that the leakage inductance between the EV and PV-side windings,
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and between the EV and grid-side windings, must be equal to satisfy the design choice. As

the leakage inductance in a transformer is a function of geometric parameters [104,120,121],

the PV and grid-side windings should be placed symmetrically with respect to the EV-side

winding. Given that, the PV and grid windings are placed on one limb of the UU core-shaped

transformer and the EV winding is placed on the other limb, as shown in Fig. 6.20(a). Four

U46/40/28 ferrite cores from Ferroxcube are used and the cores are paralleled to reduce the

flux density and minimize hysteresis losses, which have been calculated using the iGSE [122].

As mentioned later in the experimental validation section, the PV port is connected

to a 500 V dc supply, while the average value of the pulsating dc-link voltage on the grid

side, Vpn-avg, is
3
πVgm, which evaluates to 648 V. Considering these voltage levels and to

maintain the core flux density below 150 mT to keep hysteresis losses within acceptable

limits, the PV-side winding is designed with 12 turns (Np) and the grid-side winding with

15 turns (Ng). Finally, the number of turns in the EV-side winding, Ne, is determined by

minimizing the kVAr/kW ratio of the LCL tank, thereby enhancing system efficiency by

reducing reactive power. A wide EV battery voltage range of 200–800 V is considered. For

each value of Ne, the kVAr/kW ratio of the LCL tank is computed over this battery voltage

range using

(Q/P )Llke,Les =
i2lke-rmsωs(Llke + Les)

Pe
, (6.75)

(Q/P )Ce-eq =
(ilke − ie-eq)

2
rms

ωsCe-eqPe
, (6.76)

(Q/P )Le-eq =
i2e-eq-rmsωsLe-eq

Pe
, (6.77)

(Q/P )LCL = (Q/P )Llke,Les + (Q/P )Ce-eq + (Q/P )Le-eq , (6.78)

and averaged, as shown in Fig. 6.21. The figure indicates that the tank achieves its minimum

kVAr/kW ratio when Ne is close to 10. Based on this observation, the EV-side winding is

designed with 10 turns. All three windings are designed using Litz wire to minimize winding

losses caused by skin and proximity effects.

In this work, the inductor required between the PV- and grid-side H-bridges is realized
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Fig. 6.21: kVAr/kW ratio of (a) the overall LCL tank for various EV battery voltages and
turns on the EV-side winding (Ne), and (b) the averaged kVAr/kW ratio of the LCL tank
with respect to Ne. To minimize the kVAr/kW ratio and improve efficiency, Ne = 10 is
selected.

Table 6.3: Fabricated three-winding transformer parameters.

Parameter Value

Np : Ng : Ne 12 : 15 : 10

Cores 4×U46/40/28, 3C95
(Ferroxcube)

PV and EV-side
windings Litz wire

1100 strands of AWG 40

Grid-side winding
Litz wire

700 strands of AWG 40

spv-grid 2.762 mm

Llk-pv-grid = Lp + Lg 24.86 µH

Llkp, Llkg, and Llke 12.43 µH, 19.42 µH, and
18.25 µH

Magnetizing
inductance referred to

the PV side

1.54 mH

through the leakage inductance of the designed three-winding transformer. This integration

eliminates the need for additional discrete inductors, reducing magnetic components and

improving system efficiency and power density. The spacing between the PV and grid-

side windings, spv-grid, is analytically determined to achieve the desired leakage inductance,
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assuming a negligible H-field in the core and magnetic field lines orthogonal to the core

surface due to its high permeability. The magnetic field distribution is shown in Figs. 6.20(b)

and 6.20(c). The field distribution is illustrated only for the PV and grid-side windings,

as the EV-side winding remains unenergized during the calculation of leakage inductance

between the PV and grid-side windings. The resulting leakage inductance, referred to

the PV side, can be expressed as a function of spv-grid by solving
1

2
(Lp + Lg)I

2
p-rms =

µo
2

∫
H2dVcore , which gives

Llk-pv-grid = Llkp + Llkg

(
Np

Ng

)2

= Lp + Lg

= 4π×10−4
N2

p

bcore

(
hpMLTp

3
+
hgMLTg

3
+ spv-gridMLTavg

)
,

 (6.79)

where bcore is the spacing between the UU core limbs; hp, MLTp, hg, and MLTg are the

heights and mean turn lengths of the PV and grid-side windings, respectively. The average

mean turn length, MLTavg, is the arithmetic mean of MLTp and MLTg. The inductance

is in µH, and all dimensions are in mm. It should be noted that the expression provided

in (6.79) to calculate leakage inductance is derived assuming that the H-field lines are

orthogonal to the core surface. This approximation is typically valid when the ratio
bcore
λ

,

where λ = hp + hg + spv-grid, is greater than 10, which is often the case for concentric

windings [123]. However, in this study, since the PV and grid-side windings are placed side

by side, the ratio is less than 1, making the expression in (6.79) inaccurate. To correct this,

a correction factor proposed by Dr. Rogowski [123] is multiplied to improve the leakage

inductance estimate. The correction factor is given as

Kr = 1− 1− e−2πbcore/λ

2πbcore/λ

[
1− e−4πd/λ

2

(
1− e−2πbcore/λ

)
{
MLTavg −MLTfe

MLTavg
+

MLTfe

MLTavg

(
1 + e−2π(d

′−d)/λ
)}

− MLTfe

MLTavg
e−2π(bcore+2d+2d

′
)/λ

]
,

(6.80)

where MLTfe refers to the portion of the MLT that is enclosed by ferrite on both sides (inside

the UU core geometry), while d and d
′
denote the distances from the ferrite to the windings
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on the two sides. The corrected leakage inductance is then given by Llk-pv-grid-corrected =

Kr Llk-pv-grid. Using (6.79) and (6.80), the spacing between the PV and grid-side windings,

spv-grid, required to achieve the desired leakage inductance can now be accurately calculated.

The three-winding transformer is initially modeled using ANSYS MAXWELL, as il-

lustrated in Figs. 6.20(a), 6.20(b), and 6.20(c), and subsequently fabricated for hardware

implementation, as shown in Fig. 6.20(d). Bobbin and Nomex sheets are used to adjust the

spacing between the windings to achieve the desired leakage inductance. All parameters

associated with the fabricated transformer are summarized in Table 6.3. The coupling co-

efficient and inductance matrices obtained from the 3D FEA simulations and experimental

measurements exhibit close agreement, as presented below:

kFEA =



PV Grid EV

PV 1 0.9920 0.9880

Grid 0.9920 1 0.9880

EV 0.9880 0.9880 1


,

LFEA =



PV Grid EV

PV 1.5518 1.9259 1.2760

Grid 1.9259 2.4288 1.5963

EV 1.2760 1.5963 1.0748


(in mH) ,

kmeasured =



PV Grid EV

PV 1 0.9919 0.9874

Grid 0.9919 1 0.9874

EV 0.9874 0.9874 1


,

Lmeasured =



PV Grid EV

PV 1.5476 1.9201 1.2721

Grid 1.9201 2.4211 1.5911

EV 1.2721 1.5911 1.0725


(in mH) ,

where kFEA and LFEA represent the coupling coefficient and inductance matrices derived
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Fig. 6.22: Current waveform through the capacitor Cpn under the condition where the grid
port receives the rated power Prated. The grey-shaded area represents the value of Qpn.

from FEA simulations, respectively, and kmeasured and Lmeasured correspond to the cou-

pling coefficient and inductance matrices obtained from experimental measurements of the

fabricated three-winding transformer.

6.7 Selection of DC-link Capacitors

6.7.1 Cpo, Con, and Cpn

The dc-link capacitors on the grid-side are designed based on the allowable HF voltage

ripple in the dc-link voltages. In the unfolding-based topology, the capacitors Cpo, Con, and

Cpn are selected to be equal to form a balanced ∆-connected configuration [12]. Accordingly,

Cpn, placed on the dc-link of the grid-side H-bridge, is first determined, and its value is then

assigned to Cpo and Con. Now, to ensure that the peak-to-peak HF voltage ripple across

Cpn remains within the maximum permissible limit of ∆Vpn-max, the required capacitance

can be derived using

Cpn =
Qpn

∆Vpn-max
, (6.81)

where Qpn is obtained from the analytical current expressions derived in Section 6.4.2 and

is illustrated in Fig. 6.22 as the grey-shaded area. This figure depicts the current waveform

through the capacitor Cpn under the condition when the grid-port receives the rated power

Prated, resulting in the maximum HF voltage ripple in the dc-link voltage vpn.
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Fig. 6.23: Modular IPOP-based configuration of the proposed multiport topology, showing
paralleled TAB-based dc-dc converter modules with individual current injection circuits
connected to a single grid-tied Unfolder.

6.7.2 Cpv and Cev

Similar to the grid-side dc-link capacitors, the dc-link capacitors on the PV and EV

sides are also dimensioned based on the permissible HF voltage ripple in their respective

dc-link voltages. Accordingly, the required capacitance values on the PV and EV sides can

be determined as

Cpv =
Prated

ωsVpv∆Vpv-max
, (6.82)

Cev =
Prated

ωsVev∆Vev-max
, (6.83)

where ∆Vpv-max and ∆Vev-max denote the maximum allowable peak-to-peak HF voltage

ripples across the dc-link capacitors Cpv and Cev, respectively.

6.8 Scalability of the Proposed Topology

A modular approach has been proposed in this study to demonstrate the scalability of

the multiport topology. In this approach, the inputs and outputs of the TAB-based dc-dc

converter modules are paralleled to form an IPOP configuration. Each module includes

its own current injection circuit, while the paralleled system connects to a single grid-tied

Unfolder. The architecture of this scalable approach is shown in Fig. 6.23. As discussed in

Section 6.3, the Unfolder mainly contributes to conduction losses with negligible switching

losses. Leveraging this advantage, a single high-power Unfolder interfaced with multiple

parallel-connected dc-dc modules is proposed to minimize the number of semiconductor de-
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Fig. 6.24: To evaluate the scalability of the proposed multiport topology, simulations are
carried out with ten paralleled dc-dc modules connected to a single grid-tied Unfolder,
corresponding to a total power of 50 kW. The simulation results for the grid currents, PV
bus current, and EV battery current are shown for: (a) the 500 V PV dc bus supplying
50 kW to the grid with no EV battery connected; (b) the PV dc bus delivering 50 kW
to the 800 V EV battery load with no power supplied to the grid; and (c) the PV dc bus
unavailable, with the grid supplying the entire 50 kW required by the 800 V EV battery
load.

vices associated with the Unfolder and reduce conduction losses by employing high-current,

low-resistance semiconductor devices.

Moreover, paralleling the dc-dc modules facilitates several key advantages. It allows

for straightforward power scaling to meet higher load demands, enhances system reliability

through redundancy, simplifies maintenance by enabling module-level replacement or up-

grades, and provides flexibility to integrate additional energy sources or EV battery loads

without significant redesign of the individual modules. This modular IPOP approach also

enables incremental capacity expansion and supports the efficient distribution of power



231

among modules, making it particularly suitable for scalable EV charging infrastructure.

To evaluate the scalability of the proposed multiport topology, simulations are per-

formed with ten paralleled dc-dc modules and a single grid-tied Unfolder, corresponding to

a total power of 50 kW. Simulation results are shown in Figs. 6.24(a), 6.24(b), and 6.24(c)

for the following cases: (i) the 500 V PV dc bus supplies a total of 50 kW to the grid,

with no EV battery connected; (ii) the 50 kW output from the PV dc bus is delivered to

the 800 V EV battery load, with no power supplied to the grid; and (iii) the PV dc bus

cannot supply power, and the grid provides the entire 50 kW required by the 800 V EV

battery load. The simulation results demonstrate stable system operation at high-power

levels with high-quality grid currents when the grid receives or supplies power. The re-

sults also demonstrate stable multidirectional power flow and reliable power delivery to the

high-power EV battery load. Moreover, a single dc-dc module can be designed for higher

power ratings based on the design details provided in this chapter, reducing the number of

modules required in parallel for scalability.

6.9 Experimental Validation

Experimental validation is carried out using a 5 kW ac-dc hardware prototype consist-

ing of a grid-tied Unfolder, a current injection circuit, and a TAB-based dc-dc converter,

as shown in Fig. 6.25. The corresponding hardware parameters are provided in Table 6.4.

The California Instruments MX-30 emulates the grid, a Regatron dc power supply emulates

the dc-link voltage at the PV port, and an NH Research 9300 system emulates the EV

battery load. The Texas Instruments TMS320F28379D microcontroller is used to control

the hardware. Moreover, the scalability of the proposed topology, discussed in Section 6.8,

is validated in hardware at the 10 kW power level by paralleling the inputs and outputs

(IPOP configuration) of two 5 kW TAB-based dc-dc converter modules, each equipped with

its own current injection circuit. The paralleled system connects to a single 10 kW grid-tied

Unfolder. The stacked PCBs for paralleling are shown in Fig. 6.26.

To begin with, the pulsating dc-link voltages vpo, von, and vpn are observed at the

output of the Unfolder, as shown in Fig. 6.27. The effect of the pulsating nature of vpn is
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Fig. 6.26: To validate the scalability of the proposed multiport topology at 10 kW, two
5 kW TAB-based dc-dc converter modules are paralleled, each including an individual
current injection circuit. The paralleled dc-dc system connects to a single grid-tied 10 kW
Unfolder. The figure shows the stacked PCBs for paralleling: (a) individual current injection
circuit and grid-side H-bridges, (b) PV-side H-bridges, and (c) EV-side H-bridges.

Table 6.4: Hardware parameters of the multiport system.

Parameter Value

Grid voltage 480 V (l-l), 60 Hz ac 3-ϕ

PV-side dc-link voltage 500 V

EV-side dc-link voltage 200 V - 800 V (0 V when battery disconnected)

Unfolder MOSFETs NTH4L014N120M3P (1200 V, 14 mΩ)

Current injection half-bridge
and TAB MOSFETs

NTH4L022N120M3S (1200 V, 22 mΩ)

Unfolder switching frequency 60 Hz (top and bottom MOSFETs), 120 Hz
(common-source MOSFETs)

Current injection half-bridge
switching frequency

100 kHz

TAB switching frequency 100 kHz

Lgrid 100 µH (MX-30)

Cpo, Con, and Cpn 1.8 µF

Lci 750 µH

LCL tank: (Llke + Les), Le-eq,
and Ce-eq

75.67 µH, 79.61 µH, and 31.98 nF

Cpv and Cev 24 µF

evident in the tank waveforms shown in Fig. 6.28, corresponding to the case when the grid

receives all the power from the PV port and the EV battery is not connected. The voltage

at the output of the grid-side H-bridge, vxyg, exhibits a six-pulse waveform, as the H-bridge

connects to the pulsating dc-link voltage vpn. This pulsating nature of the tank voltage



234

Fig. 6.27: Pulsating dc-link voltages vpo, von, and vpn at the output of the Unfolder. The
grid-side H-bridge connects to the dc-link voltage vpn.

Fig. 6.28: Tank voltages and currents for the case when the grid receives all the power from
the PV port and the EV battery is not connected. The pulsating dc-link voltage vpn results
in pulsating tank currents.

on the grid side leads to pulsating tank currents, as illustrated in the figure. To maintain

power flow at different ports despite the pulsating nature of the grid-side dc-link voltage

and the corresponding pulsating tank currents, the phase shifts ϕpg and (π − ϕpe) are also

varied throughout the grid cycle by the high-bandwidth closed-loop controls, as discussed

earlier in Section 6.5.

Hardware verification is performed under two operating scenarios. In the first scenario,
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the PV port delivers 5 kW of power. In the second, the PV port cannot supply sufficient

power to the EV battery, so the grid provides the deficit. The efficiency and THD results

are presented following the discussion of these two scenarios, with the subsequent transient

responses validating the robustness of the designed closed-loop control architecture. Finally,

the scalability of the proposed topology is demonstrated at the 10 kW power level.

6.9.1 Operation with PV Port Supplying 5 kW

In this experimental scenario, the PV port delivers 5 kW of power, while the EV

port receives between 0 and 5 kW. If the EV port requires less than 5 kW, the remaining

power is delivered to the grid. Figs. 6.29 and 6.30 show the experimental results, including

the phase-a Unfolder input voltage, phase-a grid current, injection current, one of the

pulsating dc-link voltages, PV and EV battery voltages and currents, and tank waveforms.

Figs. 6.29(a), 6.29(b), and 6.29(c) correspond to the case where the PV port delivers the

full 5 kW of power to the grid, with the EV battery disconnected. In the subsequent

cases, an EV battery is connected at voltage levels of 200 V (Figs. 6.29(d)–6.29(f)), 400 V

(Figs. 6.30(a)–6.30(c)), and 800 V (Figs. 6.30(d)–6.30(f)). Since the LCL tank on the EV

HF side behaves as a current source, the power delivered to the EV port increases with the

battery voltage: 1.25 kW at 200 V, 2.5 kW at 400 V, and 5 kW when an 800 V battery is

connected. It should also be noted that the EV current, iev, can be adjusted by modifying

the current reference, iev-ref, in the closed-loop control to achieve different current and

corresponding power levels at a given battery voltage. As more power is supplied to the EV

port, the grid current correspondingly decreases, indicating reduced power delivered to the

grid, as shown in Figs. 6.29(a), 6.29(d), 6.30(a), and 6.30(d). The tank waveforms shown

in Figs. 6.29(c), 6.29(f), 6.30(c), and 6.30(f) are captured using the envelope (persistent)

mode of the Tektronix 4 Series oscilloscope [124], which accumulates waveform data over

time to enable the observation of variations induced by the pulsating dc-link voltage, vpn.

The waveforms show that the tank currents maintain appropriate polarity and sufficient

magnitude during the voltage transitions of all H-bridges in the TAB, thereby ensuring

ZVS of the MOSFETs under all operating conditions.
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6.9.2 Operation with PV Port Supplying Less Than 5 kW

In this experimental scenario, the PV port cannot supply the full 5 kW required by the

EV battery, so the grid provides the deficit. To implement this condition in hardware, the

PV port current, ipv, is reduced to 25% of its rated value and then to 0 A by adjusting the

current reference, ipv-ref. As the PV current decreases, the power delivered from the PV port

is reduced, and the grid supplies the remaining power required by the EV battery. Fig. 6.31

shows the experimental results, including the phase-a Unfolder input voltage, phase-a grid

current, injection current, one of the pulsating dc-link voltages, PV and EV battery voltages

and currents, and tank waveforms. Figs. 6.31(a), 6.31(b), and 6.31(c) correspond to the

case where the PV port supplies 1.25 kW of power, while the EV port requires 5 kW as

it connects to an 800 V battery and iev is maintained at its full rated value. The deficit

of 3.75 kW, along with system losses, is supplied by the grid. Figs. 6.31(d), 6.31(e), and

6.31(f) show the case where the PV port supplies no power and all the required power is

provided by the grid. From the tank waveforms in Figs. 6.31(c) and 6.31(f), it can also be

observed that the H-bridges of the TAB achieve ZVS due to the appropriate polarity and

magnitude of the tank currents during switching transitions.

6.9.3 Efficiency and THD Measurements

Efficiency and THD measurements of the proposed multiport system are performed

using the Yokogawa WT1806E power analyzer. The formula used to calculate efficiency is

given as:

Efficiency =
ΣPreceived

ΣPsupplied
× 100 , (6.84)

where ΣPreceived denotes the total power received by the ports, and ΣPsupplied denotes the

total power supplied by the ports. When the PV port delivers the full rated power of 5 kW,

ΣPsupplied corresponds to the PV port power, while ΣPreceived is the sum of the power

received by the EV port and the grid. Conversely, when the PV port cannot supply the full

rated power and the grid compensates for the deficit, ΣPsupplied is the sum of the powers
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Fig. 6.33: Efficiency of the proposed multiport system for different values of grid-supplied
power. Efficiency is also shown for the case when the battery is disconnected, resulting in
0 V across the EV-side H-bridge dc-link. The power supplied by the PV port and received by
the EV port, represented as (X, Y) kW, is also provided. A peak ac-dc efficiency of 98.3% is
achieved, with efficiency maintained above 97% across various operating conditions, power
flow directions, and a battery voltage range of 200–800 V.

Fig. 6.34: THD of the grid current in the proposed multiport system for different values of
grid-supplied power and various battery voltages. THD values for cases with low grid power
are disregarded due to the negligible fundamental component of the grid current in these
scenarios. The power supplied by the PV port and received by the EV port, represented as
(X, Y) kW, is also provided.

from the PV port and the grid, and ΣPreceived is the power delivered to the EV port.

The measurements obtained from the power analyzer are presented in Fig. 6.32 for

three operating points: (i) the PV port supplies all the power to the grid, achieving a peak

system efficiency of 98.3% and a grid current THD of 2%; (ii) the PV port supplies all the

power to the EV port with an 800 V battery, achieving an efficiency of 97.47%; and (iii)

the PV port supplies no power, and the grid provides all the power to the EV port with an



242

Fig. 6.35: Power loss distribution among the Unfolder, current injection circuit, and TAB-
based dc-dc converter of the multiport system when supplying rated power from the grid
to an 800 V EV battery load.

800 V battery, achieving an efficiency of 97.43%. The efficiency and THD measurements for

all the operating points tested in hardware are presented in Figs. 6.33 and 6.34. Efficiency

is maintained above 97% across various operating conditions, power flow directions, and

a battery voltage range of 200–800 V. Finally, Fig. 6.35 shows the power loss distribution

among the subsystems of the multiport topology when supplying rated power from the grid

to an 800 V EV battery load.

6.9.4 Transient Responses

To demonstrate the robustness of the proposed closed-loop control architecture, tran-

sient hardware responses are presented for various scenarios. Fig. 6.36(a) shows the step

response of the battery load current, iev, from 4.69 A to 6.25 A. With the 800 V battery

load connected, the EV port power increases dynamically from 75% of the system rated

power (3.75 kW) to 100% rated power (5 kW). In Fig. 6.36(b), the grid-side voltages are

subjected to a 10% step change from 277 V to 250 V. During this grid voltage sag, the

closed-loop control appropriately maintains the grid, PV, and EV currents. Fig. 6.37(a)

shows the step response of the PV current, ipv, from 10 A to 0 A. In this case, the PV

port becomes unavailable and cannot supply power to the 800 V EV battery load. The

power flow direction shifts, and the grid provides the required 5 kW power to the battery

load. Finally, Fig. 6.37(b) shows the response to a PV bus voltage deviation from 500 V

to 470 V. The closed-loop control maintains the PV and EV currents during this voltage

change. These results demonstrate that the proposed multiport system and its closed-loop
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Fig. 6.36: (a) A step change is applied to the EV battery current, iev, from 4.69 A to
6.25 A. With the 800 V battery connected, the EV port power increases from 75% of the
rated power (3.75 kW) to 100% rated power (5 kW). (b) A 10% step change is applied to
the Unfolder input ac voltages, from 277 V to 250 V. The closed-loop control maintains the
grid, PV, and EV currents during this grid voltage sag.

control respond effectively to transients and properly manage shifts in power flow direction.

6.9.5 TAB Validation

In addition to the ac-dc verification of the proposed multiport system, the design of the

TAB-based dc-dc converter is further validated using a 5 kW hardware prototype. Hardware
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Fig. 6.37: (a) A step change in PV current, ipv, from 10 A to 0 A shifts the power flow
from the PV port supplying 5 kW to an 800 V EV battery, to the grid supplying 5 kW to
the battery load. (b) A deviation in PV bus voltage, Vpv, from 500 V to 470 V is applied
in hardware. The control maintains the PV and EV currents properly during this voltage
change.

results are presented in Fig. 6.38 for two power flow scenarios. Figs. 6.38(a)–6.38(d) show

the tank voltages, currents, and loss distribution of the dc-dc converter when an 800 V

battery load is connected to the EV port. In this case, the full 5 kW is delivered from the

PV port to the EV battery, with no power transferred to the grid port. A dc-dc converter
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efficiency of 98.05% (97.5 W power loss) is achieved in this scenario. Figs. 6.38(e)–6.38(h)

show the tank waveforms and loss distribution when a 200 V EV battery is connected. Here,

1.25 kW is delivered to the EV battery, and the remaining 3.75 kW is supplied to the grid

port. The dc-dc converter achieves an efficiency of 98.51% (74.5 W power loss) in this case.

The waveforms in Figs. 6.38(a) and 6.38(e) are captured using the envelope (persistence)

mode of a Tektronix 4 Series oscilloscope [124] to observe variations in tank waveforms over

a grid cycle, caused by the pulsating dc-link voltage on the grid side. Figs. 6.38(b) and

6.38(f) show results when the grid-side dc-link voltage is 588 V, while Figs. 6.38(c) and

6.38(g) correspond to the dc-link voltage of 679 V.

Moreover, the validity of the analytical derivations presented in Section 6.4.3 of the

chapter is verified using the state-plane plots shown in Fig. 6.39. Figs. 6.39(a)–6.39(c)

correspond to the PV-side, grid-side, and EV-side H-bridges, representing transitions I,

II, and III, respectively. The analytically obtained state-plane trajectories are compared

with the experimental state-plane trajectories for the case where an 800 V EV battery

is connected and the grid-port dc-link voltage is 679 V. The close agreement between the

analytical and experimental state planes confirms the accuracy of the derived expressions in

Section 6.4.3 [(6.44), (6.45), (6.49), (6.50), (6.54), and (6.55)], which are used to determine

the H-bridge voltages and tank currents during the switching transitions.

Finally, the ZVS behavior of the TAB MOSFETs for 800 V and 200 V EV battery

voltages is verified in hardware, as shown in Fig. 6.40. Figs. 6.40(a) and 6.40(b) correspond

to the 800 V battery voltage with grid-port dc-link voltages of 588 V and 679 V, respectively,

while Figs. 6.40(c) and 6.40(d) correspond to the 200 V battery voltage with 588 V and

679 V grid-port dc-link voltages, respectively. In all cases, the tank-current polarities and

magnitudes during the switching transitions are appropriate such that the H-bridge voltages

transition from −V to +V before the gate pulses turn on, implying that the corresponding

MOSFET drain-source voltages also transition accordingly. This indicates that the output

capacitances Coss charge/discharge during the dead time, thereby confirming ZVS operation

for all tested conditions.
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6.9.6 Scalability Verification at 10 kW

The scalability of the proposed multiport topology, discussed in Section 6.8, is vali-

dated in hardware at the 10 kW power level by paralleling the inputs and outputs (IPOP

configuration) of two 5 kW TAB-based dc-dc converter modules, each equipped with its

own current injection circuit. The paralleled system connects to a single 10 kW Unfolder,

which either supplies power to or receives power from the grid. The hardware setup is illus-

trated in Figs. 6.25 and 6.26. In the first testing condition, Fig. 6.41(a) shows the grid-side

voltages and currents when the 500 V PV dc bus supplies a total of 10 kW to the grid,

with no EV battery connected. An overall conversion efficiency of 98.1% and a grid current

THD of 2.2% are obtained, as shown in Fig. 6.42(a).

Following this, an 800 V battery load is connected to the paralleled EV dc ports. In

this case, the 10 kW output from the PV dc bus is delivered to the battery load, as shown

in Fig. 6.41(b), which presents the dc-side waveforms of the PV and EV ports. These

waveforms show the PV dc bus supplying a total of 20 A and the EV battery load receiving

12.5 A. An overall efficiency of 97.4% is achieved, as shown in Fig. 6.42(b). In this scenario,

the grid does not receive power, and all power is delivered to the EV battery load.

Finally, a scenario is tested in which the PV dc bus cannot supply power, and the grid

provides the entire 10 kW required by the 800 V EV battery load. Fig. 6.41(c) shows the

grid-side voltages and currents for this case. An efficiency of 97.1% and a grid current THD

of 2.9% are achieved, as shown in Fig. 6.42(c). These hardware results demonstrate that

the proposed multiport topology has the potential for scalability to support higher-power

EV charging infrastructure, leveraging the IPOP modularity approach to distribute power

efficiently, enhance system reliability through redundancy, improve thermal management

by reducing stress on individual modules, and simplify maintenance. The modular design

also facilitates seamless capacity expansion to meet future higher-power requirements.

6.9.7 Summary of Experimental Results and Comparison with Prior Work

The summary of the experimental results of the proposed multiport system is provided

in Table 6.5. Moreover, the performance of the proposed 3-ϕ grid-tied multiport converter
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is compared with prior 3-ϕ grid-tied multiport converters in Table 6.6. It can be observed

that the proposed system surpasses prior work in key parameters, achieving higher efficiency

through a low-frequency-switched Unfolder and an optimized TAB tank, lower THD, and

reliable operation over a wide EV battery voltage range of 200–800 V. In addition, the use of

an Unfolder, which minimizes grid-side filtering requirements with grid inductance sufficient

for PFC, together with the integrated three-winding transformer design, reduces the overall

count of passive components in the system. The scalability of the proposed converter is also

demonstrated through 50 kW simulation results and 10 kW hardware tests, supporting its

potential for practical high-power EV charging infrastructure.

6.10 Conclusion

In conclusion, this chapter proposes a high-efficiency, 3-ϕ grid-tied ac-dc multiport sys-

tem for integrating battery storage or renewable energy sources for EV battery charging.

The utilization of a low-frequency grid-side converter and the optimized dc-dc converter

design result in notable improvements in system efficiency compared to conventional ap-

proaches. The system employs an unfolding-based grid interface with a current injection

circuit and an optimized TAB-based dc-dc converter to minimize conduction losses and en-

sure ZVS across a wide range of operating conditions. A three-winding transformer is used

to integrate the H-bridges of the TAB, with the required tank inductance embedded into

its leakage. An LCL resonant tank ensures compatibility with a wide range of EV battery

voltages, with the transformer winding optimized to minimize the kVAr/kW ratio of the

LCL tank across 200–800 V, thereby improving system efficiency. For the proposed tank

circuit and dc-dc converter configuration, power flow analysis is presented along with the

closed-loop control and corresponding small-signal model to enable effective power transfer

between ports.

The proposed multiport system has been validated using a 5 kW, 480 V grid-tied hard-

ware prototype. Experimental results demonstrate various power flow scenarios, including

(i) the battery storage/renewables port supplying rated power to other ports, and (ii) the

grid compensating when the battery storage/renewables port cannot meet the EV battery
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load demand. The prototype achieves a peak ac-dc efficiency of 98.3%, maintains efficiency

above 97% across various operating conditions, power flow directions, and a battery voltage

range of 200–800 V, and exhibits a low grid current THD of 2%. In addition, a modular

architecture is proposed to achieve power scalability of the multiport topology, employing

IPOP dc-dc converter modules that interface with a single grid-tied Unfolder. Scalability is

demonstrated through simulations at 50 kW and further validated in hardware at the 10 kW

level, achieving a peak efficiency of 98.1%. The summary of the experimental results of the

proposed 3-ϕ multiport system is provided in Table 6.5, and its performance is compared

with prior 3-ϕ grid-tied multiport converters in Table 6.6.

Overall, the proposed system, as presented in this chapter and in the corresponding

article [125], demonstrates higher efficiency, lower THD, reduced passive component count,

and reliable wide-voltage operation compared to prior approaches. These results confirm

the viability of the proposed architecture for future scalable, efficient, and compact EV

charging infrastructure capable of integrating multiple energy sources.



CHAPTER 7

CONCLUSIONS

The global effort to reduce greenhouse gas emissions and dependence on fossil fuels

identifies electric mobility as a central strategy for achieving a sustainable future. This

transition increases the demand for advanced charging infrastructure and high-efficiency

grid-tied ac-dc converters. Such converters are essential not only for reliable EV charging but

also for the integration of renewable resources into the grid. To meet the large power levels

required for widespread electrification, grid-connected converters must operate efficiently,

reliably, and cost-effectively. Conventional EV charging systems typically use a two-stage

architecture with an AFE PFC stage and an isolated dc-dc converter. While the stiff dc

link in this approach simplifies control, the AFE incurs high switching and reverse-recovery

losses, limiting switching frequency, increasing filter size, and reducing efficiency due to

successive full-power processing stages. These drawbacks have driven increasing interest in

single-stage ac-dc converters for both conductive and wireless charging.

The first part of this thesis focuses on the design, development, and optimization

of a single-stage unfolding-based ac-dc topology for high-power EV battery charging. The

proposed architecture employs a 3-ϕ 480 V Unfolder and a T-type bridge-based three-

port dc-dc converter to deliver regulated power over a battery voltage range of 649–755 V

while simultaneously achieving PFC. By integrating these functions into a single conversion

stage, the system eliminates the need for large grid-side inductors and dc-link capacitors,

resulting in a compact, power-dense, and efficient solution. This configuration is particularly

well suited for WPT charging of heavy-duty EVs, where modular scalability is essential.

Hardware validation using a 21 kW prototype with a single T-type module demonstrates an

ac-dc efficiency of 95.94%. The modular nature of the system further supports scalability, as

verified through the parallel operation of six T-type modules with a single grid-tied Unfolder.

Overall, the results confirm that the proposed converter achieves high efficiency, high power
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density, and reliable output power regulation, making it suitable for WPT applications and

adaptable across a wide range of power levels.

Several refinements are introduced to further enhance the performance of the system.

A leading-edge-aligned PWM strategy, combined with a robust closed-loop control archi-

tecture, is developed to achieve ZVS of the resonant T-type bridge in the unfolding-based

ac-dc topology. In contrast to center-aligned modulation, the leading-edge-aligned approach

maintains ZVS of the MOSFETs across the entire grid cycle by accurately aligning the quasi-

square output voltages of the T-type bridge. A multi-loop control framework is developed,

where the outer loop regulates output power and the inner loops maintain sinusoidal grid

currents to achieve PFC. A detailed ZVS analysis is presented to examine critical switch-

ing transitions, incorporating the nonlinear behavior of the MOSFET output capacitance

through energy- and charge-equivalent capacitors. ZVS times are calculated to determine

appropriate timing parameters for hardware validation. The tank design is then guided by

this accurate ZVS analysis, combined with conduction loss calculations, to ensure correct

polarity and sufficient magnitude of the tank current during switching transitions, while also

minimizing conduction losses. Experimental validation on a 20 kW, 480 V grid-tied proto-

type demonstrates complete ZVS throughout the grid cycle, with a peak ac-dc efficiency of

96.51%. Compared with center-aligned modulation, the proposed strategy achieves 0.76%

higher efficiency and reduces radiated EMI by 6 dB (a factor of 2), confirming the effective-

ness of the proposed leading-edge-aligned approach. Further refinements involve addressing

two critical challenges of unfolding-based ac-dc converters: grid current distortions and

the detrimental effects of LC resonance between the grid inductance and dc-link capaci-

tors on closed-loop control. For the first challenge, a control-based technique is proposed

that leverages the HF dc-dc converter to emulate current sources/sinks, thereby reducing

current distortions without requiring additional hardware. The operation of the proposed

technique is studied on a grid-tied unfolding-based EV-battery charger circuit, and its effec-

tiveness is verified through simulations and hardware experiments, confirming a significant

improvement in grid current quality and reduced THD. For the second, Middlebrook’s EET
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and phasor-transformation-based small-signal modeling are employed to characterize the

effect of LC resonance on plant transfer functions and closed-loop control architecture. A

control-based solution is then proposed to damp the resonance, utilizing current-emulation-

based active damping through feedforward control of the HF T-type bridge-based dc-dc

converter. In this technique, the converter emulates current sources/sinks that damp the

LC resonance dynamics, effectively suppressing oscillations without the need for additional

passive components. The validity of this approach is confirmed through simulations and

hardware verification on the proposed unfolding-based ac-dc system. The hardware results

demonstrate a tenfold increase in closed-loop bandwidth compared to undamped systems.

Stable operation is achieved at bandwidth levels above the LC resonance while maintaining

a low grid current THD across all operating conditions with active damping. By eliminat-

ing passive damping circuits, this refinement further enhances the stability, efficiency, and

overall performance of the unfolding-based ac-dc converter.

A comprehensive small-signal modeling framework for the T-type bridge-based dc-dc

converter, integrated within the unfolding-based ac-dc system, is developed using phasor

transformation. The analysis incorporates both single-sided and double-sided LCC res-

onant tanks, with the secondary side employing an isolated diode bridge connected to a

battery load, representing a typical wireless power transfer configuration. The modeling

procedure is organized into distinct steps to provide a clear and intuitive understanding of

the methodology. The resulting analytical model strengthens closed-loop control design and

stability, ensuring more reliable and efficient operation of the EV battery charger system.

Its accuracy is confirmed through simulations with double-sided LCC resonant tanks and

validated experimentally using hardware prototypes with single-sided LCC tanks, demon-

strating validity for perturbation frequencies up to 55 kHz. Furthermore, the modeling

approach has been experimentally verified for both center-aligned and leading-edge-aligned

modulation strategies of the T-type bridge.

The second part of this thesis addresses the broader system-level challenge of

limited electricity generation capacity amidst the rapid expansion of EV charging infras-
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tructure. The energy demand from electrifying transportation exceeds current electricity

generation, underscoring the need for charging solutions that integrate seamlessly with re-

newable generation and battery storage. To address this, the work extends unfolding-based

concepts to a multiport architecture that uses a low-frequency 3-ϕ Unfolder for grid in-

terfacing together with a current injection circuit and a TAB-based dc-dc converter. The

TAB employs a three-winding transformer whose leakage inductance provides the required

tank inductance. An LCL resonant network and transformer winding are optimized to

support battery voltages from 200–800 V with a reduced kVAr/kW ratio. Through this

combination, the system coordinates power transfer among the grid, EV battery, and stor-

age/renewable ports, effectively integrating these sources for EV charging. This architecture

is distinct from the single-stage approach discussed earlier, yet it retains the advantages of

the unfolding-based grid connection such as negligible switching losses, simplified grid inter-

facing, and compact filtering requirements. The proposed multiport system demonstrates

how unfolding-based principles can be scaled to more complex system-level architectures

that are essential for future EV charging infrastructure.

Experimental validation confirms the viability of the proposed multiport approach. A

5 kW, 480 V prototype demonstrates multiple power-flow scenarios and achieves a peak ac-

dc efficiency of 98.3%. It maintains efficiency above 97% across various operating conditions

and battery voltages from 200–800 V, with a grid current THD of 2%. Scalability is fur-

ther demonstrated through 50 kW simulations and a 10 kW hardware prototype achieving

98.1% peak efficiency. Compared with prior multiport converters, the proposed architec-

ture achieves higher efficiency, lower THD, reduced passive component count, and reliable

wide-voltage operation. These results confirm that unfolding-based multiport converters

provide a scalable, efficient, and compact foundation for future EV charging infrastructure

that integrates multiple energy sources with the grid.

In summary, this thesis advances both circuit-level and system-level innovations in

unfolding-based ac-dc converters with three-port dc-dc resonant topologies for EV battery

charging. From high-efficiency converter designs with advanced control and modeling to
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scalable multiport architectures that integrate battery storage/renewables with the grid,

the contributions establish a foundation for compact, reliable, and sustainable charging

infrastructure that is essential for the electrification of transportation.

Future work for the first part of this thesis involves scaling the proposed single-

stage unfolding-based converter architecture to the 1 MW level, which is the final target

of the project for charging heavy-duty EVs within one hour. This will require paralleling

48 T-type modules, each rated at 21 kW, connected to a single 1 MW Unfolder, while

accommodating and extending the optimization techniques presented in this thesis, such

as advanced modulation, active damping, high-bandwidth control, and accurate modeling,

to ensure efficiency, stability, and reliability at megawatt-scale operation. The closed-loop

control stability of parallel-connected T-type modules must also be analyzed in detail, par-

ticularly considering interactions among the modules. In addition, to follow the EV battery

charging profile at varying power levels, a module-shedding approach is proposed so that

the active T-type modules operate at full power without the need to derate individual mod-

ules, thereby preserving ZVS of the MOSFETs. This strategy requires isolating the T-type

modules being shed using IGBT-based series switches in the tank circuit. A detailed anal-

ysis of the design and control implications of such module shedding remains an important

direction for future investigation.

Future work for the second part of this thesis involves first increasing the power

rating of the single dc-dc module to further improve the scalability of the proposed multiport

topology. The three-winding transformer design can also be implemented using a planar

transformer to enhance power density and compactness. In addition, advanced feed-forward-

based control strategies should be developed to achieve effective decoupling between the

EV-battery current loop and the PV current loop, ensuring that the dynamics of one loop

do not influence the other. The feed-forward action can mitigate cross-coupling effects to

maintain independent and well-regulated loop performance during transients. Moreover,

since an active H-bridge is employed on the EV side of the multiport system, vehicle-to-grid

operation can be explored, with particular emphasis on addressing the control and stability
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challenges.

Finally, the efficiency evaluation in this thesis primarily focused on losses associated

with the power electronics conversion process. However, for practical system deployment,

losses introduced by the thermal management system should also be incorporated to provide

a more comprehensive representation of the overall system performance. Integrating these

additional loss components will enable a more realistic assessment of system-level efficiency

and support informed design decisions for future implementations.
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Voltage and Current Sensing Circuits for High-Bandwidth Control
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Fig. A.1: The structure of the voltage and current sensing circuits used for high-bandwidth
control of the unfolding-based ac-dc system. The sensed voltages, vpo and von, and the
sensed currents, ip and in, are utilized for the feedforward and feedback controls shown in
Fig. 4.31 of Chapter 4.

The voltages vpo and von are sensed for the feedforward control, as depicted in Fig. 4.31

of Chapter 4, using resistive divider networks. These sensed voltages are subsequently gal-

vanically isolated using the isolation amplifier, ACPL-C870-500E from Broadcom Limited,

and directed towards an LPF with a 20 kHz cutoff frequency. This cutoff frequency is set

to be more than ten times greater than the LC resonant frequency and sufficiently below

the switching frequency of the dc-dc converter. The filtered analog signals undergo digital

conversion utilizing the 12-bit ADC module integrated within the Texas Instruments mi-

crocontroller TMS320F28379D [126]. The complete voltage sensing structure is illustrated
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in Fig. A.1.

The currents ip and in are sensed for the feedback control, as illustrated in Fig. 4.31 of

Chapter 4, using CASR50-NP current sensors from LEM USA Inc., which provide equiva-

lent analog voltage signals. These analog signals are passed through an LPF with a cutoff

frequency of 30 kHz, which is ten times higher than the maximum closed-loop bandwidth

and sufficiently below the dc-dc converter switching frequency. The filtered analog signals

are then converted into digital signals through a 16-bit SAR-type ADC, specifically the

ADS8318IDGST from Texas Instruments. Subsequently, these digital signals are intercon-

nected in a daisy-chain configuration [127] and communicated to the microcontroller via

the SPI protocol. The overall current sensing structure is presented in Fig. A.1.
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