CPSS Power Electronics Series

Deshang Sha
Guo Xu

High-Frequency
Isolated Bidirectional
Dual Active Bridge
DC—DC Converters
with Wide Voltage
Gain



CPSS Power Electronics Series

Series editors

Wei Chen, Fuzhou University, Fuzhou, Fujian, China

Yongzheng Chen, Liaoning University of Technology, Jinzhou, Liaoning, China
Xiangning He, Zhejiang University, Hangzhou, Zhejiang, China

Yongdong Li, Tsinghua University, Beijing, China

Jingjun Liu, Xi’an Jiaotong University, Xi’an, Shaanxi, China

An Luo, Hunan University, Changsha, Hunan, China

Xikui Ma, Xi’an Jiaotong University, Xi’an, Shaanxi, China

Xinbo Ruan, Nanjing University of Aeronautics and Astronautics, Nanjing,
Jiangsu, China

Kuang Shen, Zhejiang University, Hangzhou, Zhejiang, China

Dianguo Xu, Harbin Institute of Technology, Harbin, Heilongjiang, China
Jianping Xu, Xinan Jiaotong University, Chengdu, Sichuan, China

Mark Dehong Xu, Zhejiang University, Hangzhou, Zhejiang, China

Xiaoming Zha, Wuhan University, Wuhan, Hubei, China

Bo Zhang, South China University of Technology, Guangzhou, Guangdong, China
Lei Zhang, China Power Supply Society, Tianjin, China

Xin Zhang, Hefei University of Technology, Hefei, Anhui, China

Zhengming Zhao, Tsinghua University, Beijing, China

Qionglin Zheng, Beijing Jiaotong University, Beijing, China

Luowei Zhou, Chonggqing University, Chongqing, China



This series comprises advanced textbooks, research monographs, professional
books, and reference works covering different aspects of power electronics, such as
Variable Frequency Power Supply, DC Power Supply, Magnetic Technology, New
Energy Power Conversion, Electromagnetic Compatibility as well as Wireless
Power Transfer Technology and Equipment. The series features leading Chinese
scholars and researchers and publishes authored books as well as edited
compilations. It aims to provide critical reviews of important subjects in the field,
publish new discoveries and significant progress that has been made in develop-
ment of applications and the advancement of principles, theories and designs, and
report cutting-edge research and relevant technologies. The CPSS Power
Electronics series has an editorial board with members from the China Power
Supply Society and a consulting editor from Springer.

Readership: Research scientists in universities, research institutions and the
industry, graduate students, and senior undergraduates.

More information about this series at http://www.springer.com/series/15422


http://www.springer.com/series/15422

Deshang Sha - Guo Xu

High-Frequency Isolated
Bidirectional Dual Active

Bridge DC-DC Converters
with Wide Voltage Gain

@ Springer



Deshang Sha

Advanced Power Conversion Center,
School of Automation

Beijing Institute of Technology

Beijing

China

Guo Xu

Advanced Power Conversion Center,
School of Automation

Beijing Institute of Technology

Beijing

China

ISSN 2520-8853

CPSS Power Electronics Series
ISBN 978-981-13-0258-9 ISBN 978-981-13-0259-6 (eBook)
https://doi.org/10.1007/978-981-13-0259-6

ISSN 2520-8861 (electronic)

Library of Congress Control Number: 2018939940

© Springer Nature Singapore Pte Ltd. 2019

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission
or information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt from
the relevant protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, express or implied, with respect to the material contained herein or
for any errors or omissions that may have been made. The publisher remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Printed on acid-free paper

This Springer imprint is published by the registered company Springer Nature Singapore Pte Ltd.
part of Springer Nature

The registered company address is: 152 Beach Road, #21-01/04 Gateway East, Singapore 189721,
Singapore



Preface

Bidirectional DC-DC converters are widely used as power interfaces for many
applications that need both changing and discharging of the energy storage com-
ponents, such as batteries, super-capacitors. Among various types of bidirectional
DC-DC converters, dual active bridge (DAB) converter has become popular and
preferred topology during these years for its attractive advantages including sym-
metrical structure, zero-voltage switching, bidirectional power transfer capability,
and high-power density.

This book presents different DAB converter topologies and power control
strategies to achieve better power conversion performances for applications
requiring both bidirectional power flow and galvanic isolation. The studied
topologies can be used for applications needing a relatively wide voltage ranges
such as energy storage system, automotive applications, solid-state transformer
(SST)-based DC fast charger. The converter working principles, power transfer
characteristics, converter losses are analyzed in this book. Based on that, the power
control strategies are applied to achieve better performance aimed at different control
goals. This book will benefit the researchers and engineers in the field of topology
and control for dual active bridge isolated bidirectional DC-DC converters. The
outcomes will enable effective development and high-quality mass production of
novel high-performance DC-DC converters for the aforementioned bidirectional
power applications. The main objectives are as follows,

1) To review and summarize the existed mainstream topologies and control
methods for dual active bridge converters which are viewed as challenging
research and application topic in the field of electrical engineering.

2) To develop new topologies for the applications that require wide voltage gain
range due to the interfacing with the batteries. These applications include
energy storage system, automotive applications, SST-based DC fast charger.

3) To develop effective and simple control methods to achieve reduced current
stress and wide ZVS ranges for the bidirectional dual active bridge DC-DC
converters.
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4) To present useful methodologies and philosophies to develop new topologies
and controls for isolated bidirectional DC-DC converter to achieve wide voltage
range.

This book consists of 12 Chapters based on our several research projects, and
covering the aspects of converter topologies and power control strategies for DAB
converters. Like most books, this book starts with an introduction in Chap. 1 to
present a brief introduction focusing on the applications and classifications of
bidirectional DC-DC converters, review of the control methods for dual active
bridge control, and key issues of DAB converters. For the rest of the contents, from
the topology point of view, this book can be divided into two parts. The first part is
focused on topology and control for voltage fed dual active bridge converters which
are from Chaps. 2 to 6, and the second part presents the topologies and controls for
current-fed dual active bridge converters which are included from Chaps. 7 to 12.
The detail organization of the book content is summarized in Chap. 1.

The authors wish to express their sincere thanks to Prof. Zhigiang Guo, Beijing
Institute of Technology for his contribution on the three-level DAB converter
research and other contributions to this book. The author would also like to
acknowledge the contributions of Mr. Yaxiong Xu and Dr. Jiankun Zhang on the
voltage-type DAB converters, Dr. Xiao Wang, Mr. Deliang Chen, Mr. Lingyu Xu,
Mr. Wenqi Yuan on the current-fed DAB converters.

The author would like to thank for the support from the National Natural
Science Foundation of China under Grant 51577012, from State Key Laboratory of
Alternate Electrical Power System with Renewable Energy Sources under Grant
LATS17019, from Key Laboratory of Solar Thermal Energy and Photovoltaic
System of Chinese Academy of Sciences.

The author would also like to thank their families who have given tremendous
support all the time. Finally, the authors are extremely grateful to Springer and the
editorial staff for the opportunity to publish this book and help in all possible
manners.

Beijing, China Deshang Sha
Guo Xu
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Chapter 1 )
Introduction Check or

Abstract This chapter presents a brief introduction focusing on the applications
and classifications of bidirectional DC-DC converters, review of the control
methods for dual active bridge control, and key issues of DAB converters.
Bidirectional power flow, galvanic isolation, and wide voltage gain range are
necessary for some applications such as energy storage system, automotive appli-
cations, SST-based DC fast charger. To achieve wide ZVS ranges and low current
stresses for the conversion stages of these applications, the topology candidates and
the corresponding power control methods have been a challenge in both industry
and research communities. This chapter provides a basic foundation for the whole
work, and it gives the goal of this book which is to provide valuable knowledge,
advanced control methods, and practical design guides for the high-frequency
isolated bidirectional dual active bridge DC-DC converters with wide voltage gain.

Keywords Bidrectional DC-DC converter - Energy storage system
Solid State transformer - Currrent fed dual active bridge converter
Voltage fed dual active bridge converter

1.1 Application of Bidirectional DC-DC Converter

The fact that batteries can store electricity has been well known for most people all
over the world, because they are widely used in our daily appliances such as cameras,
shavers, laptops. On a larger scale, batteries are also used to store energy for the
electrical grid, electric vehicles, and DC microgrid. The energy storage of these
batteries plays an important role for the system stability. It has the following values:

(a) Energy storage can be used as a flexible resource for the power grid.
(b) Achieve the peak shaving function for the grid.

(c) Frequency regulation, transmission capacity relief, and VAR supporting.
(d) Reduce the energy-related emissions.

(e) Increase the efficiency and reliability for microgrid.
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2 1 Introduction

The battery stores the energy through charging and transfers the energy out
through discharging. The charging or discharging power transfer should be con-
trolled by a bidirectional converter with a DC interface. This bidirectional converter
could be a bidirectional DC-AC converter or a bidirectional DC-DC converter. In
this book, it is focused on the bidirectional DC-DC converter.

1.1.1 Energy Storage System for Microgrid or Smart Grid

Battery energy storage systems (BESS) [1-5] can be installed in electricity distribution
networks, homes, remote area power supplies, and commercial/industrial installations.
Figure 1.1 shows the structure of a DC home grid system [6] for a net-zero energy
building. The whole system mainly includes: (1) renewables which could be top solar
panels as photovoltaic (PV) system or wind turbine; (2) utility grid connection through
a power control center (PCC); (3) energy storage devices, such as battery energy
storage devices and the plug-in electric vehicle; (4) load, all kinds of home appliances.
The DC bus voltages for this home grid system are suggested to be constant 400 V,
and a bidirectional DC-DC converter provides a power link between these energy
storage devices and the DC bus. When the power generated by the renewables exceeds
the demanded power, the bidirectional DC-DC converter will charge the battery and
thus stores this energy for backup. On the other case, when the power is not enough to
support the facilities, the bidirectional DC-DC converter would transfer the energy out
by discharging the battery. All these power flow regulations are controlled by PCC unit.
The performance of the bidirectional DC-DC converter will have impact on the system
efficiency, cost, dynamic response, and reliability.

Smart-

Appliances Energy

Storage

08 -

e
PHEV =

Fig. 1.1 Energy storage in a DC home grid system
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1.1.2 Automotive Applications

The bidirectional DC-DC converter is also widely needed for the automotive
applications, such as electric vehicle charger and motor drive system that need to
absorb the reverse power and stabilize the DC voltage bus. Figure 1.2 shows the
typical power system architecture for HEV [7]. There are two DC voltage buses.
The high-voltage (HV) DC bus is mainly employed to manage the power transfer
between the HV batteries and the propulsion system. Besides, it also supplies the
high power load such as power steering and air conditioner. For the DC-DC
converter connected between HV battery and HV DC bus, the power transfer is
designed to be bidirectional. The low-voltage (LV) DC bus is added here to supply
the low-power load, because the conventional low-power automotive loads are
mainly designed based on 14 V standards. The LV voltage battery is connected to
the LV bus to make the DC bus more robust. A DC-DC converter is needed for
transferring the power from HV DC bus to LV DC bus in normal operation. Even
though unidirectional power of the DC-DC converter can meet the requirements for
most of the operation conditions, some practical reasons still support the needing of
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L DC DC
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System
LV Battery
DC
STV e 1
HV DC Bus
LV DC Bus ; Low
F— Power
Loads
N
DC Air-
— Cond.
AC System
High
>~ Power
Power Power Loads
Electr. =1 Steerin
Conv. &
7

Fig. 1.2 Typical HEV power system architecture
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bidirectional power follow, because the LV battery may need to provide the power
to the HV bus under some particular occasions such as jump starting the car,
charging the HV battery, and failure of HV battery.

1.1.3 SST Application

The structure of Future Renewable Electric Energy Delivery and Management
(FREEDM) System [8] was proposed by Dr. Huang from the NSF FREEDM
System Center, which is regarded as a roadmap for a future automated and flexible
electric power distribution system. The conceptualized grid interface of a future
home in the FREEDM system is shown in Fig. 1.3. The distributed medium voltage
is directly connected to 20 kVA solid-state transformer (SST), and the transferred
power is controlled by the Distributed Grid Intelligence (DGI) unit. SST generates
two different voltage buses including 400 V direct current (DC) bus and the 120 V
alternating current (AC) bus. These two bus interfaces provide a plug-and-play
capability for the loads, storages, and the generating units. As seen, SST is the key
element for controlling the power in this system. Figure 1.4 shows an example of
electrical topology for the SST unit [9]. As shown, the medium voltage is directly
connected to a modular cascaded H-bridge. Instead of using the bulky conventional
line-frequency transformer to achieve the galvanic isolation, the high-frequency-
based bidirectional DC-DC converter is adopted. The outputs of all the isolated
DC-DC converters are connected in parallel to provide the 400 V DC bus voltage.
Then, a three-phase bidirectional inverter is connected to the DC bus voltage to
supply for the AC loads. For this system, the voltage of each cascaded H-bridge

12kV AC Bus
IFM IFM

DGI Communication
Energy Router IEM 400V DC Bus
. 20kVA A Iy

120V AC VPlug & pl%v interface

|| [oc/] ] [pc/] || [pc/] |
Plug & play inferface | || [ | || [ ][] |

UCAP/ Variable

:m:m: . PV AC
Li-Ton IGenerator]
DESD DRER DRER

Fig. 1.3 Interface of a future home in the FREEDM system
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Fig. 1.4 Topology for the SST

(CHB) unit should be balanced, and the power should also be equally shared among
each DC-DC converter. The power control methods have been studied in detail in
[10-12]. In addition, this system can be extended to a three-phase solid-state sys-
tem. The power and voltage balance control for a three-phase solid-state trans-
former is studied in [13]. Actually, the voltage balance control method could also be
referred from static synchronous compensator (STATCOM) using CHB topology.
For instance, in [14], Dr. Xu proposed a voltage balance control based on ADRC
controller, which has been successfully applied to a 10 kV/2 Mvar
CHB STATCOM converter.

In these two SST structures, the bidirectional DC-DC converter with isolation is
necessary to provide the bidirectional power control and isolation from the
medium-voltage input.

1.2 Classification of Bidirectional DC-DC Converter

1.2.1 Non-isolated and Isolated DC-DC Converter

From the galvanic isolation point of view, the bidirectional DC-DC converter can
be divided into two categories, which are non-isolated bidirectional DC-DC con-
verters and isolated bidirectional DC-DC converters. Compared with non-isolated
converters, the isolated bidirectional DC—DC converter can not only achieve iso-
lation, but also can make the conversion gain more flexible. On the other hand,
because the isolated converter needs to invert the DC voltage to high-frequency AC
voltage to interface the transformer and then rectify the high-frequency AC voltage



6 1 Introduction

Fig. 1.5 Bidirectional buck/ 1
boost converter topology

to DC voltage again, the topology is more complex compared with the non-isolated
converters.

Figure 1.5 shows the typical non-isolated bidirectional buck/boost converter
topology. The converter works as a boost converter when the battery is discharging,
and works as a buck converter when the power is reversed. This topology is very
simple. It only needs two power switches and a high-frequency inductor to build up
the topology. For this converter, zero-voltage switching (ZVS) cannot be achieved
for both of the two switches during continuous conduction mode (CCM) operation,
leading to high switching loss when operating at high frequency. To increase the
efficiency and also the loss density, some ZVS techniques can be used, for example
quasi-resonant technic [15] and critical conduction mode operation [16]. Besides
this buck/boost converter, there are other types of non-isolated bidirectional DC—
DC converters, like the universal bidirectional DC-DC converter [17], interleaved
high-conversion ratio bidirectional DC-DC converter [18].

The typical bidirectional DC—DC converter with isolation is shown in Fig. 1.6. It
is an isolated full-bridge converter with synchronous rectification [19, 20]. When
power transfers from the V| side to V, side, the bridge at V, side works as a
synchronous rectifier, while when the power transfers from V, side to V| side, the
bridge at V; side works as a synchronous rectifier (SR). As a result, the pulse width
modulation (PWM) logic needs to be shifted under different power transfer con-
ditions. Also, the PWM for the SR can be given based on the zero-crossing instant
of the transformer current to reduce the conduction loss. Because the output has an
inductor in series, high current turn-off voltage spikes may occur for the switches at
V, side. In order to solve this issue, the full-bridge converter with RCD snubber
[21], CD2 snubber [22], and active clamping method [23] can be adopted.
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Fig. 1.6 Bidirectional isolated full-bridge DC-DC converter
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Fig. 1.7 Bidirectional isolated dual active bridge converter

Another type of DC-DC converter that is widely used for bidirectional power
industrial applications is the dual active bridge converter [24, 25] as shown in
Fig. 1.7. The dual active bridge consists of two active full bridges, which is
symmetrical from both sides. The leakage inductance of the transformer L, works
as a power link between the input side and output side. Through controlling of the
voltage induced crossing two ports of the leakage inductance, the transferred power
and the power direction can be regulated. DAB converters have many advantages:
wide ZVS range for all the power switches over wide load variation, naturally
bidirectional power flow control and symmetrical architecture in topology.

Galvanic isolation of the converter is actually required for many applications due
to some safety reasons. In addition, in some applications when the converter
conversion ratio is very high, the transformer can be used to adjust the gain of the
converter to extend to optimal operating range. This book is focused on the bidi-
rectional DC-DC converter with isolation.

1.3 Isolated Bidirectional DC-DC Converter

1.3.1 PWM Controlled, Frequency Controlled and Phase
Shift Controlled Bidirectional DC-DC Converter

In view of the power control for the isolated bidirectional DC-DC converter, they
can be classified into three categories, which are PWM-controlled converter,
frequency-controlled converter, and phase shift-controlled converter. The bidirec-
tional full-bridge DC-DC converter shown in Fig. 1.6 is an example of this type
converter. The PWM-controlled converter uses pulse width modulation technic to
adjust the converter output voltage, thus regulating the power. The output voltage
of the converter is controlled by the duty cycle of the PWM signal of the power
switches.

Unlike the PWM-controlled converter, the frequency-controlled converter uses
the operating frequency to control the power transfer. This type of converter usually
contains a resonant tank which can suppress the undesired frequency components to
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regulate the output gain. An example of this kind of converter is shown in Fig. 1.8.
It is a resonant CLLC-type converter [26]. The duty ratios of the PWM for all the
switches are fixed as 50%, and the operating frequency is changing according to
conversion gain of the converter. Resonant converter is a very good candidate for
the fixed voltage gain applications since it can achieve very high efficiency when it
operates at the resonant frequency. However, as the operating frequency goes far
from the resonant frequency, the converter will suffer from high reactive current
leading to high current-related loss.

The third type is phase shift-controlled bidirectional DC-DC converter. The
phase shift control is mainly used for different kinds of dual active bridge converter,
such as the one previously shown in Fig. 1.7. The main feature of this type of
converter is the existing of relatively larger leakage inductance compared with the
other converters. It controls the phase angle between the two voltages induced at the
two port of the leakage inductance, like vop and vcp in Fig. 1.7. If the duty cycle
for the two active bridges is fixed as 50%, the power will be transferred from V,
side to V, side when the phase of vp is leading vcp and the power will be reversed
when the phase of vap is lagging vcp. This method is named as conventional phase
shift (CPS) control [27]. Furthermore, duty cycles for the two active bridges can
also be used to improve the performance of DAB converters.

Compared with the other two types of converter, DAB converter can have the
following two advantages:

(a) It can achieve nature bidirectional power transfer. For DAB converter, bidi-
rectional power is controlled by the phase shift angle. When phase shift angle is
positive the power is positive, otherwise the power would be reversed. As a
result, the transfer between the positive power flow and negative power flow
would be naturally and smoothly achieved. While, for the other two types of
converter, under different power transfer direction, the PWM logic needs to be
changed since the bridge that works as a rectifier needs to be shifted to the other
side.

(b) It does not need the SR driving. Generally, the SR driving is done by sensing
the drain—source voltage of the switches in the rectifier. It uses the voltage drop
of the body diodes to determine the current zero-crossing instant. Because the
voltage drop of body diode is low (for example 1.2 V), it is sensitive to the
switching noise. As a result, the SR driving will need additional voltage sensing
circuit and need to take care of the noise which is complex in practice.

Additionally, two of these control methods can be combined together to achieve
better performance of DAB converter in sacrifice of the control complexity. These
controls can be called as hybrid control.
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1.3.2 Current-Fed DAB Converter

In view of the type of sources at the two sides of the DAB converter, it can also be
divided into two parts: voltage-fed dual active bridge and current-fed dual active
bridge. The converter belongs to the category of “voltage fed”, if the input and
output are voltage sources and is directly connected to the switch nodes. Otherwise,
it can be regarded as a current-fed DAB converter. For instance, the DAB converter
previously shown in Fig. 1.6 is a typical voltage-fed converter, because both the
input and output are directed connected to a voltage source (or capacitor). There are
also some other voltage-fed DAB converters that are similar to this converter, such
as the DAB converter based on two half bridges [28], the DAB converter based on a
full bridge and a half bridge [29], and the DAB converter based on voltage-doubler
rectifier [30].

Figure 1.9 shows an example of a current-fed dual active bridge converter [31].
In this topology, the DC bus is connected in series with an inductor and then
connected to the full-bridge DAB converter. For this connection, due to the fact that
inductor current cannot be interrupted as open loop, the PWM signals for the two
switches in the same bridge should be overlapped to provide the circulating current

The Novel CLLC J'_ J
Resonant Tank

Vin - 2 —Cﬂ [

Fig. 1.9 ZCS current-fed dual active bridge
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Fig. 1.10 Current-fed dual active bridge converter

path. As pointed out in [31], zero-current switching (ZCS) for the primary side
switches can be achieved.

In high-voltage and low-current applications, actually ZVS matters more in the
aspect of switching loss. To achieve wide ZVS range for the power switches,
Fig. 1.10 shows another example of a current-fed dual active bridge converter [32].
As seen, the voltage source at the low-voltage side is connected to the switch node
through an inductor. In the middle part of the converter, it is actually a DAB
converter with two half bridges. By combining the boost converter and the
half-bridge converter together, the LVS side has double functions which serve as:

(1) A boost converter to step up the voltage to adjust the clamping voltage of the
low-voltage side.

(2) An inverter to generate the high-frequency AC voltage to pass through the
transformer for isolation.

To reduce the current ripple of the low-voltage side, the interleaved current-fed
DAB topology [33] can be employed as shown in Fig. 1.11. The topology at
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Fig. 1.11 Interleaved current-fed dual active bridge converter
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low-voltage side consisted of two boost converters with input parallel and output
parallel connection. The PWM signals for the two boost converters are 180° phase
shift with each other. This topology can achieve low current ripple at the
low-voltage side and also wide ZVS ranges for all the power switches, which makes
it popular in low-voltage to high-voltage conversion applications.

1.3.3 Multi-level DAB DC-DC Converter

From the voltage levels at the transformer input/output side (or the devices voltage
rating) point of view, the aforementioned DAB topologies are two-level DAB
converters. To reduce the voltage rating of the device which is adorable in
high-voltage applications, the multi-level DAB converter can be adopted. Also, the
multi-level technique offers another control degree of freedom for the
high-frequency voltage modulation, which gives a possibility to further improve the
performance of DAB converters.

The voltage-fed three-level DAB converter with flying capacitor [34] is shown in
Fig. 1.12. In the input side, it is a three-level full-bridge inverter with flying
capacitor. The voltage stresses for all the eight switches are half of the input
voltage. The phase shift control can still be applied to this converter through
controlling the phase between v, and v, as denoted in the figure.

In Fig. 1.13, the current-fed three-level DAB converter is shown. Two inter-
leaved inductors, in series with the DC voltage sources at the low-voltage side, can
reduce the current ripple. At the high-voltage side, the three-level topology was
employed to reduce the device voltage rating to be half of the high side voltage. In
this converter topology, both the capacitor and diodes are used for the voltage
clamping. The phase shift angle between vag and vcp is used to control the power
flow and achieve smooth transfer between different power directions. This topology
is suited for the low-voltage battery input and high-voltage output applications.

Fig. 1.12 Voltage-fed
three-level DAB converter
with flying capacitor
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Fig. 1.13 Current-fed three-level DAB converter with active diodes and flying capacitors

1.4 Research Literature of DAB Converters

1.4.1 Basic Principle of DAB Converters

The dual active bridge was firstly proposed in the 1990s [24]. Nowadays, it has
become a preferred topology for power conversion applications that require gal-
vanic isolation and bidirectional power flow due to its many advantages, such as
high power density, bidirectional power transfer capability, zero-voltage switching
(ZVS), and symmetric structure. The basic working model of DAB converter can be
shown in Fig. 1.14. vap is the voltage generated by the bridge at V side, and vcp is
the voltage generated by the bridge at V, side. n is the transformer turns ratio from
V, side to V; side, and L; is the leakage inductance. The power transfer is related to
the shapes of vag and vcp, and the phase shift angle between the two voltages. vag
and vcp can be the waveforms with two levels or multi-levels according to different
topologies and different PWM modulation methods.

Figure 1.15 shows illustrative basic operation waveforms under four different
PWM modulation control strategies for a two-level voltage-fed DAB converter. In
this figure, T is the switching period, and D, and D, are named as duty ratios for
the two full active bridges. DT is the duration of high-voltage level in a switching
period for vap, and D,Tj is the duration of high-voltage level in a switching period
for vep. In Fig. 1.15a, no zero-voltage level exists in the two voltage waveforms,

Fig. 1.14 Basic model for ixc1=iL L ixco/n=ir
DAB converter —>-0——"""—0——

ijg e
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Fig. 1.15 Four different PWM modulation strategies for dual active bridge converter

and D; = D, = 0.5. Since both D, and D, are fixed, the power transfer is only
related to the phase shift angel @. Consequently, this control method only has one
control degree of freedom, which is called as conventional phase shift control
(CPS). The control degree of freedom can be increased to obtain a better converter
performance through adjusting one duty ratio for the two bridges such as the cases
in Fig. 1.15b, c. In Fig. 1.15b, D is fixed to be 0.5 and D, is a changeable variable.
While D, and D, are both changeable variables with a constraint that D, is equal to
D, in Fig. 1.15d. For both of the two cases, the transferred power is controlled by
phase shift angel @ and one duty ratio. As a result, these two controls have two
control degrees of freedom. The one with three control degrees of freedom is shown
in Fig. 1.15b. D and D, are both not fixed, and they are smaller than 0.5. In the
control loop, D; D, and @ can be all utilized to achieve different control goals for
DAB converters according to different instant input voltage, output voltage, and the
load.

1.4.2 Control of Voltage-Fed DAB Converters

SPS control for voltage-fed DAB converter has been intensively studied in [35, 36],
whose typical waveforms have been shown in Fig. 1.15a. It only has one control
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degree of freedom and is very easy to be implemented. This control is suited for the
application that the input and output voltages are relatively fixed. The converter can
achieve wide ZVS range, low current stress, and high dynamics under that con-
dition. As a result, SPS control is popular for the DAB converters used in appli-
cations such as: SST application [37, 38] and high-voltage direct current
transmission (HVDC) application [39]. When the voltage conversion ratio varies,
the conversion efficiency using SPS could be limited because of the high con-
duction loss due to the high non-active power and the large switching loss caused
by limited ZVS ranges [40].

To improve the converter performance under changeable voltage conversion gain,
the extended-phase shift (EPS) control can be adopted. Its typical waveforms have
been shown in Fig. 1.15b, which has two control degrees of freedom. In [41-44],
the working principle, the power transfer characteristics, ZVS ranges, and current
stress for EPS control are discussed. Compared with SPS control in facing unmat-
ched voltage gain, EPS can obtain higher global efficiency because of the reduced
current stress, wider ZVS ranges, and improved regulating flexibility. EPS control
utilizes the duty cycle from one bridge to reduce the mismatching between the
two-side voltages. Because the duty cycle cannot be larger than 1/2, when V| is larger
than V,/n, the duty cycle in V; side should be adjusted. However, when V; is smaller
than V5/n, the duty cycle in V, side should be adjusted. Consequently, EPS control
needs to exchange the PWM generations logic under different input voltages and the
transfer between the two cases cannot be smoothly achieved.

Another type of control strategy for DAB converter is DPS control, [45-50],
which also has two control degrees of freedom similar to EPS control. Like EPS
control, DPS can also help to reduce the circulating current and conduction loss,
and to extend ZVS ranges compared with SPS control.

The optimized performance of DAB converter can be obtained with fully uti-
lizing the three control degrees of freedom. These controls are called as triple-phase
shift (TPS) control [S1-57]. For these control methods, the power transfer is con-
trolled by three independent control variables, which are two bridge inner phase
shift ratios and the phase shift ratio between the two bridges. To optimize the
selection of these three independent control variables, the optimization schemes are
based on mathematical analysis with different optimization goals, such as optimized
efficiency [52], minimizing conduction loss [53]. These optimizations need com-
plex power calculation, working mode classification and may also highly depend on
the system parameters.

For TPS control, there are three independent variables including two duty cycles
and one phase shift angle. In practice, a linear interpolation can be used to deter-
mine the selection of the three variables based on data stored in the digital signal
processor (DSP) memory to achieve the closed-loop control, so the system dynamic
response may be affected. Besides, if the transformer two-side voltages are not
matched well, the current stress during the power transfer stage is high. This could
be a drawback of the voltage-fed DAB converter.
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1.4.3 Control of Current-Fed DAB Converters

Actually, for applications that are connected to the batteries, during the charging or
discharging process, the voltage range of the battery is very wide. The current ripple
of the voltage-fed DAB port is also comparatively high and the battery lifetime may
be affected [58]. The aforementioned attributes of the voltage-fed DAB make it
unsuitable to be used in charging/discharging a battery whose voltage variation
range is wide. Therefore, an inductor can be used between the battery and
voltage-fed DAB to reduce the battery charging/discharging current ripple [59].

In contrast, current-fed DAB is a good option for battery charging/discharging
situations. A novel current-fed DAB characterized by reducing one-side current
ripple dramatically was introduced for battery application [32]. The current ripple
reduction makes it very attractive for battery charging/discharging. When the
conversion ratio varies, the conduction loss during the power transfer stage is not
minimized. To adapt to the wide voltage conversion ratio situations, a PWM plus
phase shift control was proposed, in which the battery side is PWM modulated
while duty cycles for the high-voltage side (HVS) switches are fixed as 50%. Since
the active clamp voltage can be regulated based on the HVS voltage value and the
turns ratio, the current stress during the power transfer stage can be suppressed as
the voltage conversion ratio varies widely by employing PWM control [60—-62].
Although minimum conduction loss during the power transfer stage can be
obtained, for the non-power transfer stage, especially when the battery voltage is
rather low, the current spike and circulation loss may be high, causing conversion
efficiency reduction and reliability issues. Of course, the current stress can be
suppressed by adding an additional inductor in series connected with the trans-
former to increase the equivalent leakage inductance value, but the maximum
transferred power capability is limited due to the large inductance value. Besides,
the circulation stage length increases and results in low conversion efficiency. PWM
control can be also employed for HVS switches to reduce the circulation loss [63—
65]. To ensure ZVS for HVS switches, unequal duty cycles for both side switches
are a very good option with unmatched voltage control [63]. But the current stress is
relatively high due to the unmatched voltage control. For voltage-matched control,
although identical duty cycle control can achieve ZVS for all the power switches in
current-fed semi-DAB converter employing diodes [64], ZVS cannot be ensured for
all the switches in current-fed DAB. The duty cycle relationship between both sides
has to vary according to the specific working conditions. This complicates the
control system design [65].
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1.5 Key Issues of DAB Converter

1.5.1 ZVS Range

As discussed above, ZVS range of DAB converter is dependent on the load, input
voltage, and output voltages. Under light load [66, 67] and unmatched voltages, it is
very complex for DAB converter to achieve ZVS. To reduce the complexity in
control without losing wide ZVS range, the fundamental-optimal strategy based on
a universal model [68] is used. This control strategy is simple and can be easily
implemented from a power control point of view. In addition, modifications can
also be made for the DAB converter topologies. In [69-71], a high-frequency
capacitor is added in series with the transformer to improve the soft switching
ranges of DAB converter. A CLLC-type resonant topology was developed based on
DAB converter in [72, 73], which can operate over large input voltage variation
while maintaining soft switching capability. Based on the resonant tank concept,
there are many other derived resonant DAB topologies such as LLL type [74],
switched-inductor-augmented resonated type [75], and tunable resonant tank [76].
Even though the resonant tank could improve the ZVS performance of DAB
converters, it brings additional undesired features, such as high inrush current
during start-up and difficult to build up a model for control. Besides using resonant
tank, the series injection method is used to achieve ZVS range enhancement [77].

1.5.2 Non-active Power and Current Stress

The non-active current [78, 79] causes additional conduction loss for DAB con-
verters. Non-active power loss is defined in [79] and used as the optimization object
to reduce the conduction loss with TPS control. The unified triple-phase shift
control [80, 81] is used to minimize current stress. For these controls, the selection
of the control variables is also not unified and hard to be implemented in real-time
calculation. The triangular modulation (TRM) [82] has no non-active power issue
and can achieve zero-current switching (ZCS) for four switches. But the ZVS is lost
for these ZCS switches. Even though the modified TRM control is proposed in [83],
it still suffers from high peak current and large RMS current. These issues can be
avoided with the hybrid modulation [84] using CPS at heavy load and the modified
TRM control at light load, while smooth transfer between the two modes is a
challenge. Compared with TRM, the trapezoidal modulation (TZM) [85] can make
the active bridge work with large duty cycles and result in lower peak current and
RMS value.
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1.5.3 Wide Voltage Gain

For voltage-fed DAB converter, the fundamental duty modulation [86], based on
the fundamental optimization method in [68], is aimed at reducing circulating
current and simplifying of the controller design. Just as the other DAB converters, it
has been pointed out that ZVS for all the switches can be obtained when input
voltage V| equals to nV,, while ZVS range of the converter is limited in other cases.
Instead of optimizing the modulation scheme, in [87], the authors creatively made
the modification in DAB converter topology and also proposed a hybrid phase shift
control for wide input voltage range. However, although hybrid control can lead to
wide ZVS range, smooth transfer between the two control modes is a challenge in
practice. To obtain better performance, studying new DAB converter topology
could be a solution.

The current-fed DAB converter studied in [33] is considered to be suited for
wide voltage gain applications, because it can adjust the clamp voltage to make the
voltages at the two sides of the transformer to be matched. In addition, since it adds
two inductors to the switching nodes of the active bridge, it could change the ZVS
conditions and may gain some benefits of ZVS ranges if the inductor value is
properly designed. However, for this converter, it adds two DC inductors which
would bring additional inductor losses and increase the size of converter.

1.6 Organization of the Book

From the topology point of view, this book can be divided into two parts. The first
part is focused on topology and control for voltage-fed dual active bridge converters
which is from Chaps. 2-6, and the second part presents the topologies and controls
for current-fed dual active bridge converters which are included from Chaps. 7-12.
The content for each chapter is organized as follows.

Chapter 2 is focused on the improvement of conventional voltage-fed dual active
bridge converter. The fixed duty cycle compensation and magnetizing current
design method are introduced to achieve ZVS over full load ranges for the
voltage-fed dual active bridge converter using trapezoidal modulation
(TZM) control. Also, the boundary TZM control method is presented to achieve
small current stress of the converter.

In Chaps. 3 and 4, two DAB converter topologies are studied for wide voltage
gain application. To simply the control of DAB converter aimed at achieving wide
ZVS range and low current stress, the DAB converter topology can be modified. In
Chap. 3, two active switches and two capacitors are added in the conventional DAB
converter topology. The modified topology is called as hybrid-bridge-based DAB
converter. In Chap. 4, two capacitors and a transformer are added. The new
topology is called as dual-transformer-based DAB converter. The working
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principle, power transfer characteristics, and control methods for the two converters
are analyzed, respectively, in Chaps. 3 and 4.

Chapter 5 presents a blocking-cap-based DAB converter to improve the con-
verter performance over wide input range. The DC blocking capacitor is utilized for
the blocking-cap-based converter. Through proper PWM modulation strategies, this
converter can change the operating state from full bridge to half bridge according to
the input voltages. The working modes of the blocking-cap-based DAB converters,
ZVS conditions, and power transfer characters are studied in Chap. 5.

Chapter 6 aims to develop a three-level voltage-fed DAB converter. From the
topology point of view, an auxiliary inductor is added at the transformer secondary
side to achieve ZVS over full load range. The operating modes, ZVS region
analysis, power control method, and parameter design of the converter are dis-
cussed in detail in this chapter.

From Chaps. 7-12, the current-fed dual active bridge converters are discussed.

Chapters 7 and 8 study the conventional two-level current-fed DAB converters.
In Chap. 7, a double PWM plus double phase shift control is presented for the
current-fed DAB converter. The benefits of this control include reduced circulating
current and also wide ZVS range. The converter working principles under different
power directions are discussed in details. The performance of the converter is
analyzed and compared with the conventional DC-DC converters. In Chap. 8, all
the operation modes of the current-fed DAB converter are discussed. Based on the
ZVS conditions for all the possible working modes, the optimized switching pat-
terns to achieve full load ZVS range are presented and analyzed in details.

Chapters 9 and 10 are focused on the bidirectional three-level DAB converter.
The converter working principles are discussed in both chapters. In Chap. 9, a direct
current slew rate control of leakage inductance is presented to minimize the con-
duction loss and current stress in facing the load variation, the mismatch of
turns-ration, and circuit parasitic parameters. In Chap. 10, the double PWM plus
double phase shifted control utilizing voltage matching concept is presented, which
is aimed at reducing circulating current loss and full load ZVS range.

In Chap. 11, a current-fed hybrid dual active bridge converter is presented. With
the topology, the high-frequency input current ripple can be reduced to minimum
because the input-side switches are always switched at 50% duty cycles in spite of
the fuel cell voltage and the load variation. In addition, all of the power devices can
achieve zero-voltage switching by the proposed control strategy.

In Chap. 12, the performance of parallel connected bidirectional DC-DC con-
verter is presented. The current sharing is ensured with the presented current-
sharing strategy. In addition, to improve the dynamic performance, feed-forward
control employing optimized feed-forward coefficient based on the small-signal
analysis is implemented.

It should be noted that the effectiveness of all the converter topologies and
control methods are verified with experimental results.
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Chapter 2 )
Unified Boundary Trapezoidal s
Modulation Control for Dual Active

Bridge DC-DC Converter

Abstract The unified boundary trapezoidal modulation (TZM) control utilizing
fixed duty cycle compensation and magnetizing current design for dual active
bridge DC-DC converter is proposed in this chapter. The fixed duty cycle com-
pensation and magnetizing current design are firstly introduced to achieve the
zero-voltage switching (ZVS) of the power switches, which cannot be ensured with
the conventional TZM control. As a result, all the power switches of dual active
bridge DC-DC converter can achieve ZVS and four switches can be turned off with
very low current. Besides, based on the revealed power transfer characteristic, the
power control variables including the duty cycles and phase shift ratio can be
unified without look-up tables or operation region division. With the proposed
boundary TZM control, circulating current losses can be reduced and non-active
power is significantly suppressed according to the mathematic analysis, resulting in
decrease of the conduction loss. A 1.6 kW laboratory prototype is built to verify the
theoretical analysis and effectiveness of the proposed control.

Keywords Dual active bridge - Fixed duty cycle compensation
Zero-voltage switching (ZVS) - Boundary trapezoidal modulation
(boundary TZM control)

2.1 Fixed Duty Cycle Compensation and Magnetizing
Current Design for DAB DC-DC Converter
with Trapezoidal Modulation

Figure 2.1 shows the topology of DAB DC-DC converter [1, 2]. It consists of two
active bridges connected by a high-frequency transformer. The active bridge in the
left side generates a high-frequency voltage v,5, and the other one generates voltage
vep- Bidirectional power transfer is controlled by the phase shift ratio between the
two high-frequency voltages and their duty cycles.

In view of non-active power of this DAB converter, the triangular modulation
(TRM) [3, 4] has no non-active power issue and can achieve zero-current switching
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(ZCS) for four switches. But the ZVS is lost for these ZCS switches. Even though
the modified TRM control is proposed in [5, 6], it still suffers from high peak
current and large RMS current. These issues can be avoided with the hybrid
modulation [5] using CPS at heavy load and the modified TRM control at light
load. While, smooth transfer between the two modes is a challenge. Compared with
TRM, the trapezoidal modulation (TZM) [4] can make the active bridge work with
large duty cycles and result in lower peak current and RMS value.

2.1.1 Conventional Trapezoidal Modulation (TZM)

The operation principle of TZM is introduced in Fig. 2.2. @ is the phase shift ratio
between the voltages generated by two active bridges, and D and D, represent the
inner phase shift ratio of the two active bridges, respectively, which are also named
as duty cycles. T; is the switching period, and 1: n denotes the transformer turns
ratio. i, and i, are the transformer currents in V, and V, sides, respectively, which
are also denoted in Fig. 2.1. Unlike CPS and EPS control, neither D; nor D, are
fixed as 0.5. They are both less than 0.5 and can be different when V is not equal to
Vo/n. The relationship between D; and D, for TZM is written as [6],

D2 = (nVl/Vz)D1 (21)

The power transfer under TZM is also given as,

PI2M LV_k} (DfVl — (D — d))sz/n) (2.2)

where f; is the switching frequency. Compared with CPS, EPS, and other control
methods, TZM has its unique advantages such as no non-active power, zero-current
switching, and changeable duty cycles when the input and output voltages are not
matched.
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2.1.2 ZVS Conditions for DAB Converter with Conventional
TZM Control

To achieve ZVS of power switches for a conventional full-bridge converter with
phase shift control, the energy in the inductive components must be high enough to
charge/discharge their junction capacitors completely. The dead time of the two
switches in the same leg should also be properly designed to ensure that the charge/
discharge process is finished before switches are turned on. This principle is also
applied to TZM DAB converter. Just like the conventional full-bridge converter, the
switches in the lagging leg can achieve ZVS easily because the transformer leakage
current is almost approaching its maximum value before these switches are turned
on. As for the leading leg switches, the transformer leakage current is always zero
when the switches are turned off if the magnetizing current is ignored. ZVS is
impossible as there is no current to charge/discharge the junction capacitors.
Consequently, for TZM DAB converter, S3, S4, S5, and Sg can achieve ZVS, while
S1, S,, S5, and Sg cannot [4].

The leg composed of S; and S, is taken as an example to analyze ZVS condi-
tions for these leading legs as shown in Fig. 2.3. Because the two switches are the
same type, the junction capacitors are both denoted as C; in Fig. 2.3. When S, is
turned off at time #g (f3 is denoted in Fig. 2.2), none of the two switches conducts
and the secondary side of the transformer is shorted. The corresponding equivalent
circuit is shown in Fig. 2.3a, and related current and voltage waveforms after ¢g are
shown in Fig. 2.3b.
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To charge/discharge the junction capacitors, the energy stored in the inductor L;
should be larger than that in the two capacitors

0.5Lir(tg) > 0.5C, Vi +0.5C, V] (2.3)

The current should charge the junction capacitor of S, before S; is turned on.
Therefore, i,(t3) < 0. According to (2.3), it can be written by

ip(l‘g)g 7V1\/2C1/Lk (24)

Meanwhile, according to the circuit in Fig. 2.3a, the relationship between i, and
Vgs2 1S shown as

Lkdl'p/dl = V4 (2 5)
ip = Cld(Vl — Vd52)/dl — Cldvdsz/dl = —2C1dvd32/dt ’

where v, and v, are the junction voltage for S; and S,, respectively.
The initial value of v, is

vas2 () = 0 (2.6)
Based on (2.5) and (2.6), v, can be expressed as

_ —ip(l‘g) sin t—1g
\/2C1/Lk \/2C1Lk

Vasa (t — t3) (2.7)

The charging process is not finished until v, reaches its maximum value V;.
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T, =tq —tg =+/2C 1Ly arcsin(fVI \/ 2C1/Lk/ip(tg)) (28)

Based on (2.7), the charging time T, can be written by (2.8), and S; should be
turned on after the charging process is over. Meanwhile, when i, reaches zero the
junction capacitor of S, starts to discharge, causing loss of ZVS. As a result, S;
should be turned on before i, reaches zero. Therefore, as also illustrated in Fig. 2.3b

Tcl <Tdeadl <Trl (29)

Based on (2.8),

. dvy, .
lp(lcl) = -2C % (lcl) = lp(lg) cos ((tcl — l‘g)/\/ 2C1Lk) (210)
Since Lyiy(tc1)/T,1 = Vi, T,y can be expressed as

Vi

Tr = N
' Ly (15) cos(Tu /v/2C1Ly)

+ T, (2.11)

To sum up, the minimum current for achieving ZVS of S; has been illustrated in
(2.4). The limit for the dead time is also given in (2.8), (2.9), and (2.11).

Likewise, ZVS conditions for the other three switches (S,, S;, Sg) can also be
summed up in Table 2.1. #3, #4, t;, and #g are the switch turn-off instants denoted in
Fig. 2.2; C, is the junction capacitor of switch S; or Sg; L, = n*L,, which is the
equivalent transformer leakage inductance of V, side reflected from V; side.

2.1.3 Proposed Fixed Duty Cycle Compensation

The proposed fixed duty cycle compensation is shown in Fig. 2.4 to achieve ZVS
for S; and S,. As illustrated, instead of using the relationship of duty cycles in (2.1),
a duty cycle compensation value D, is added and expressed as

D2 = (nV]/V2)D1 — Dc (212)

Table 2.1 ZVS conditions for the four switches

Sy S S, Sg
Current range ip(lg) < — Iimin i[,(t4) > Iimin is(l3) < — Dbmin is(t7) > Dbmin
Dead time Te1 <Tgead1 <Tpi T2 <Taeats <Tr2
/i v hC fac
_ £ _ > L 26, R 20,
TL‘2 - 2C2Lks arcsin —i(;3) ° by = Lisis (13) cos T + Tc2a Ime = V2 Lis® Ilmm - Vl Le

V20 Lyg
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As shown in Fig. 2.4, unlike the conventional TZM method, a bias current (I,,)
occurs in i, at the moment (#4 or tg) when S; or S, turns off. If this bias current is
properly designed, it can be used to charge/discharge the junction capacitor to
achieve ZVS.

Since phase shift control is used, the polarity of the bias current during the
interval 73—, should be reversed with the one during interval #;,—fg. The relationship
of i,(t3) and i,(t3) can be expressed as

ip(t3) = —ip(ts) =1 (2.13)
Meanwhile, 7,(23) can also be calculated as
ip(13) = Ts(D1 Vi — D2Va/n) /L — I (2.14)
Substitution of (2.12) and (2.13) into (2.14) yields
I, = D.T,V,/(2nLy) (2.15)

According to the ZVS conditions in the previous section, to achieve ZVS for S,
and S,, the bias current must be larger than the minimum charge current

Ib > limin = V]\/2C1/Lk (216)

Then based on (2.15) and (2.16), D, should be designed as

Dc > 2nV1 vV 2C1Lk/(TAV2) (217)

Equation (2.17) shows that a minimum duty cycle compensation value D, can be
designed to achieve ZVS for S| and S, regardless of the load. This implies the ZVS
achievement is not affected by the output power. It is worth noting that the dead
time can be designed according to its limit in Table 2.1.
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2.1.4 Magnetizing Current Design to Achieve ZVS for S,
and Sg

In the literature, the magnetizing current of the transformer is seldom considered for
non-resonant DAB converters. Based on Table 2.1, to achieve ZVS of S,,
ip(t4) > Iimin; While to achieve ZVS for S;, if(f3) < —Irmin. However, when the
magnetizing current is ignored, i,(t4) = ni(t3), which is illustrated in both Fig. 2.2
and Fig. 2.3. This leads to a conflict between ZVS conditions of S, and S;, resulting
in that only one of the two switches can achieve ZVS. Similarly, the conflict also
exists between ZVS for S| and S¢. As a result, although ZVS of S; and S, can be
achieved with the proposed duty cycle compensation, ZVS of S; and Sg still cannot
be obtained. To obtain the ZVS conditions: iy|=s3 < —lmin and i=7 > Lin for S7
and Sg, the magnetizing current i,, can be utilized as shown in Fig. 2.5.

Figure 2.5 illustrates the waveforms of i,, the magnetizing current i,,, and i
utilizing the magnetizing current. In this case, the waveform of i, is the same as the
one shown in Fig. 2.4, while the value of ni, is written by

nig = iy — iy (2.18)

where 7 is the turns ratio as mentioned before, and ni, is the current of transformer
in V, side reflected to V; side.

As shown in Fig. 2.5, at t3, i,,, is equal to I,.x, and the following can be obtained
during the interval #,—;

21, V.
L, mx 22 (2.19)
D2 Ts n
Fig. 2.5 Magnetizing current A
design to achieve ZVS for S, V, ) ) VB

and Sg g : : . >
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Rearranging (2.19) yields
Inax = VaDa T/ (2nL,,) (2.20)
At 13, the bias current of i; can be expressed as
los = — Iy — I [ (2.21)

Substituting (2.20) into (2.21), the expression of the current bias Iy, for V, side
can be obtained as

Ins = VoD, T,/ (20°L,,) — I /n (2.22)

where the expression of I, is shown in (2.15).
To design a suitable bias current I,s in order to obtain ZVS for S; and Sg in
Table 2.1, its value is written by

Ing = VoD, T,/ (20°Lyy) — Ip/n > Doin (2.23)

Once I is certain, the dead time can also be designed according to the dead time
limit in Table 2.1.

2.2 Power Transfer Characteristic and Selections of Duty
Cycles and Phase Shift Ratio

In this section, the power transfer characteristic is studied for the unified control of
duty cycles (Dy, D,) and phase shift ratio (®). The case when @ < 0 is not dis-
cussed since DAB DC-DC converter is symmetrical in view of the topology and
control. Since the bias current is low, it is neglected in this section. Even though D,
can be expressed by D; using (2.1), the power transfer is still controlled by two
control variables including both D; and ®. Optimized selection of D and @ should
be made since there are numerous combinations of them for the same output power.

Figure 2.6 presents the qualitative waveforms of three possible selections for the
same output power transfer with TZM control. During the interval #y—t,, vcp is zero.
The transformer current does not contribute to the power transfer and only causes
circulating current loss. Similarly, the circulating current loss also exists in the
interval: #,—ts. Compared with (a) and (b), the duration lengths of these intervals are
the shortest in (c) and the maximum current is lowest, indicating lower RMS current
and lower circulating current loss.



2.2 Power Transfer Characteristic and Selections ... 33
(a) (b)
A A

Vl DIT\‘ V4B Vl DIT&' VB
DT, DT,

: Vep

DT, g
lo ﬁ7 s
ts ts

DT

ip » 1

Iy

: fr.l =
:'] .’2 ,’3\5—/51:
'ff !'(\ £

Fig. 2.6 Three conditions of D; and ® for the same power transfer with TZM control. a Small
duty cycles and large @. b Middle duty cycles and middle ®. ¢ Small ® and large duty cycles
under critical continuous conduction mode

2.2.1 Selections of Duty Cycles and Phase Shift Ratio
Jor Minimum RMS Circulating Current

As mentioned before, different control points of D and @ generate different current
waveforms, leading to different peak currents and circulating losses. Therefore, it is

necessary to optimize duty cycles and the phase ratio.

Mathematically, based on the waveform in Fig. 2.6, i(¢,) and i(#,) can be written

by, respectively,
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5]

i(ll) = / (Vl/Lk)dt = VlﬁpTS/Lk,

-V Vo T V;
t2 /—dtJr/ Zdt: 274 b+ Q,1 D,
Ly nLy %)

The RMS circulating current in a switching period for one active bridge can be
calculated as

I_rvs = (Z{ (V' ’) d’+f V'f )/ 7V1 2(1)3 (2.25)

Equation (2.24) and (2.25) indicate that small @ results in lower circulating
current and i(¢;), causing low conduction loss and peak current. However, if @ is
too small, the power transfer may be limited since decreasing of @ may reduce the
output power. Thus, it is necessary to find the minimum ® with the precondition of
the ability to transfer the required power.

Let p, dy, d>, and ¢ denote the variables for the equilibrium values P, Dy, D5,
and @, respectively. Then, the power transfer function in (2.2) is

(2.24)

Pl ) = Vi (diVi = (di = 9)*Va/n) /(Lif) (2:26)

According to the working principle of TZM control, the ranges for two duty
cycles can be shown as

T, <d T, <0.5T,N Ty +drT; <0.57 (2.27)
Substitution of d,V| = d,V,/n into (2.27) leads to
0<d <05N@+nVid/V,<0.5 (2.28)
For a given fixed power P,, ¢ can be regarded as a function of d,. Thus,

op, O(VildVi — (@ = 0)'Va/n)/(Lif))
ody od,

=0 (2.29)
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Simplification of (2.29) leads to

o _ di(Vy —nVy) — oV,
od, (di — @)V2

(2.30)

If Vi >V, /n, O¢/dd; <0, ¢ is monotone decreasing with d;. Therefore, mini-
mum ¢ can be obtained at the boundary condition in (2.28). When ¢ = d;, mini-
mum ¢ cannot be got because I,ma.x and I. gps are both the largest as also
illustrated in Fig. 2.6a. Therefore, the minimum ¢ for a given output power P,
exists at the boundary condition, which is described by

(P+I’lV1d1/V2 =0.5 (dl SOS) (231)

Figure 2.7 shows an example for plot of ¢ versus d; for different output power
when V| = V,. As the output power changes from 0 to 2200 W, the point of
minimum ¢ changes from point F to A and they all exist at the boundary, which
agrees with the aforementioned analysis.

If V| < V,/n, (2.30) is not a monotone decreasing function of d;. The minimum
point can be calculated by setting d¢/0d; = 0. Then,

Pmin = dimin(V2 —nV1)/ V2 (2.32)

Therefore, for a given power Py, if @iy + 1nVidimin/V2 > 0.5, the minimum ¢
exists at the boundary condition: ¢ +nVid;/V, = 0.5; if @;, + nV1dimin/ V2 <0.5,
the minimum ¢ is @, = dimin(V2 — nV1)/Va.

Figure 2.8 plots ¢ versus d; with different output power when V; < V, for one
case. As seen, when the output power changes from 500 to 2000 W, the point of
minimum ¢ also occurs at the boundary. When the power is relatively lower such as
0 or 200 W, the points of minimum ¢ are point G and point H, respectively. But the
boundary points for the two output power plots occur at point F and point E. In this
case, the boundary condition is not suitable for achieving minimum ¢. However,
the calculation for ¢,;, and d,;, is complex, and the difference of ¢ between the

0.25 I T T
o+ d4 =0.5(d, <0.5)
0.2 I 2
Ppa=2.2kW
A max @mm Pmax
0.15} . )
@ | o4l N NBKRWRS G~
01] Denin_ 20
********** Prsin 1560
0.05|

0! -
0O 005 01 015 02 025 03 035 04 045 05

Fig. 2.7 Plot of ¢ versus d, for different output power (V; =200V, V, =200V, n=1,
L; =30 pH, f; = 50 kHz)
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Fig. 2.8 Plot of ¢ versus d; for different output power (V; =180V, V, =200V, n=
L, =30 pH, f, = 50 kHz)

—

point H and E (or G and F) is very small. Therefore, when V| <V, /n at light load,
the boundary condition can still be used to select D; and @ to simplify the cal-
culation at the cost of slightly increased circulating current and RMS value.

2.2.2 Maximum Power Transfer Point

To investigate the combination of D; and @ for maximum power transfer, the
following function is defined as

(p—|—nV1d1/V2 =a, (OSaSOS) (233)

When a changes from 0 to 0.5, this function can traverse all the existed point
(Dy, @) for the power transfer function in (2.26). Substitution of (2.33) into (2.26)
and elimination of ¢ leads to

1% Vi \*V
pla,d,) — L (d%Vl — (d1 —a+ %ch) f) (2.34)
2

N

Then,

8p(a,d1) 2V 2 21,2 2
= — (V5 +n°V:+nViVa)d, + (V5 +nV1V 2.35
Od, "2[kfs( ( 2 1 1 2) 1 ( 2 1 2)‘1) ( )
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Let dp(a,d,)/0d;=0, since —(V3 +n*V? +2nVV,) <0, the maximum power
transfer occurs at the point when

(V22 +nV; VQ)

di_pmax(a) = (VI 2V2 2 nViVa) a, (0<a<0.5) (2.36)
Substitution of (2.36) into (2.33) yields
2
w,)max(a)zﬁdumax =2 +n2‘Z§+ AL (2.37)
Then, substitution of (2.36), (2.37) into (2.34) yields
Ponax(@) = Vild} V1 = (1 _pruax = @pmax)”V2/1)/ (i)
V2 VER2VEVE £ nVi Vi (2.38)

= 2a’, (0<a<0.5)
Lifs (V2 +n2VE +nVV2)

Pmax(@) 1s a quadratic function of a, and its maximum value exists when a = 0.5.
Therefore, the global maximum value of p(d;, @) is

P (0.5)= V2 VI4+nPViVi4nav, V3 (2.39)
max . - .
ALifs (V2 + n2V2 4V, Vy)

And the corresponding D;_,max and ¢

pmax are, respectively, expressed as

2 VZ
(V2 +nV1Vs) _ 2 (2.40)

D max — 5 ax
LTS V222 Vv, Ppmax =3 V2 +n2V2 +nV,V,
2 1 2 1

Note that Di_pmax and ¢, satisfy the boundary condition in (2.31), which

indicates that the maximum power occurs at the boundary.

2.3 Boundary TZM Control and Its Implementation
2.3.1 Boundary TZM Control

As discussed before, the control point with lower RMS current and circulating loss
for an arbitrary given power occurs mostly at the boundary condition, and the
maximum power point also exists at the boundary as mentioned in Sect. 2.2.2. If
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Fig. 2.9 Power transfer function curve (V; =200V, V, =200V, n=1, L;=30 puH,
fs = 50 kHz)

this boundary condition is used for the control of d; and ¢, two advantages can be
obtained. One is that the conduction loss can be reduced; the other is that the
maximum power transfer will not be limited as the global maximum power point
exists at the boundary condition.

The curve of p(dy, @) is plotted in Fig. 2.9. As illustrated, the maximum point
exists at the boundary which agrees with the mathematical calculation in Sect. 2.2.
Meanwhile, the boundary control trajectory T is shown. This trajectory starts from
the minimum point A and ends at the maximum point B. It cannot run across point
B, because only one point should exist for the same output power, namely the
control trajectory should be monotonous. As a result, the range for ¢ with the
boundary condition can be obtained as

0< P < ¢pmax (241)
and the corresponding value range of d; is
Di_pmax <di1 <0.5 (2.42)

where expressions of D;_,max and qﬁpmax are shown in (2.40).

If ¢ is controlled through a PI regulator, based on the boundary condition and
the value ranges in (2.41) and (2.42), d; can be obtained. Then, if d; is substituted
into (2.1) d, can be calculated. Therefore, the optimized control for the power

transfer can be realized by regulating the variable ¢ to achieve real-time control.

2.3.2 Implementation of Boundary TZM Control

Figure 2.10 shows the control diagram for the boundary TZM control. A PI reg-
ulator is used to control the voltage V, through control of ¢. As shown, when
@ > 0, the boundary condition is used to calculate d; and then d, is obtained based
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Fig. 2.10 Implementation of the boundary control using a PI regulator

on (2.1). A small constant AB is added in the boundary condition to ensure the
duration length of the bias currents, which can charge/discharge the junction
capacitor to achieve ZVS. Hence, ABT, should be larger than the minimum
charging/discharging time 7.. When ¢ < 0, since the control principle is sym-
metrical, the boundary condition can be obtained by interchanging V; with V,/n and
replacing d; with d5 in (2.31). Using this boundary condition, d, can be calculated,
and then d; is also obtained based on (2.1). The PWM generation unit generates all
the switching signals based on both the output of PI regulator (¢) and the calculated
control variables (d; and d,).

2.4 Experimental Verification

A laboratory prototype was built to validate the feasibility of the proposed ZVS
method and unified boundary control strategy.

The initial parameters of the laboratory prototype are: (a) V; = 180-240 V,
V, =200 V; (b) turns ratio: 1:1; (c) rated power P, = 1.6 kW; (d) switching fre-
quency f; = 50 kHz; (e) IXFH69N30P is chosen as the power switches and its
junction capacitor is 570 pF. Furthermore, the parameters including Ly, 11 min, Lomins
Iy, Ly, D, and L, are designed according to the following parameter design
procedure.

(1) Calculation of inductor L

According to the maximum power transfer function in (2.39), L, can be designed as

- Vi Vy+nPViVi+avivs

L< L
45 (V2 4 n2V2 4+ 1V Va) Pomax

(2.43)
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Here, P max 18 set as: Poax = (1 + 20%)P,, to ensure a 20% margin of the output
power. Therefore, based on (2.43)

L; <3.113 x 107 (H) (2.44)

The startup current of the converter decreases as L, increases. L; can be designed
as large as it can be once (2.44) is satisfied. In this case, L; is designed to be 30 pH.

(2) Calculation of Iin, Iomin

The switches junction capacitor is 570 pF. The minimum charging/discharging
current for achieving ZVS within full input voltage range can be got according to
Table 2.1.

max(llmin) = VlAmaxV 2C1/Lk = 1479(A)

(2.45)
Dmin = Va/ 2C2/Lks = 1.233(A)

(3) The bias currents: I, and Iy

The current bias I, of i, in V; side does not change as the load varies. It is set as
(1420%) - max (I, ) to obtain a 20% margin of the charging/discharging current
for achieving ZVS of S; and S, within full input voltage range. However, the bias
current I, of i in V; side is affected by the output power. Therefore, the minimum
value of I, which is denoted as Is_mi,, should be larger than the minimum
charging/discharging current I, with also a 20% margin. These two parameters
can be written as

Ips min = (1 +20%)12min =1479~ 1.5 (A) ’
(4) Duty cycle compensation value: D..
Once L; and I, are certain, D, can be obtained according to (2.15)
D. = 2nLifl,/V, = 0.027 (2.47)

(5) Magnetization inductance: L,,.

When the boundary condition is applied, the transferred power p versus D, is
written by

o Vl 2 nV1 2
p(Dl) = L, (DlVl (D1 + V) Dy OS) Vz/l’l) (248)
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The range of D, is shown in (2.42), and the minimum value of D is got at the
highest transferred power. Assume P(D,) = P, = 1600 W, and solution of D; when
Vi =180 V and V; = 240 V leads to the minimum value of D;

(2.49)

Dl — 0.397 when V; =240V
l_min = 90436 when V; =180V

Since 0.397 x 240 > 0.442 x 180 = 79.56, the minimum value of D,V exists
in the case when V; = 180 V and the minimum value is 79.56.
Meanwhile, based on (2.22), expression of the bias current I, can be written as

Iy = VoD T,/ (20°Ly,) — I /n (2.50)

L,, should be designed to make I, always larger than Iy i, to achieve ZVS.
Thus, the following must be met

min(lys) = min(VyDy)/2nL,f; — Ip/n > los_min (2.51)

Therefore, L,, should be calculated as
L, <min(ViDy)/(2(Iy + nlys_min)f;) = 2.411 x 107 (H) (2.52)
Since decreasing of L,, leads to higher peak current and RMS current in V; side,

L,, should be designed as large as possible once (2.52) is satisfied. Therefore, in this
case, L, is 240 pH.

@) &
vAB 250V/d1v i vAg :250V/div 5
- . vCD 250v7dw | " T | [Vep250Viiv_|
| I :5A/div ] { is :5A/div :

I, :5A/div

4psidiv] || 4 ps/div)

vAB 250V/dzv |

4 us/div

Fig. 2.11 Different load under V; =V, =200 V condition. a 200 W. b 400 W. ¢ 800 W.
d 1600 W
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The experimental results of different loads under V; = V, = 200 V condition are
shown in Fig. 2.11. As seen, the two bias currents, which are properly designed by
the fixed duty cycle compensation and magnetizing current design, occur at the
boundary when both v,z and vcp are zero to create ZVS conditions for the
aforementioned four switches. These two bias currents always exist despite the
load. Under 200 W load condition, as shown in Fig. 2.11a, the duty cycles of v,z
and v¢p are the largest compared with other conditions. Besides, the duty cycles of
vap and vep decrease while the phase shift ratio increases, which agrees with the
analysis. Furthermore, as seen from the current waveforms, the transformer currents
are always critical continuous for different loads if the two bias currents are
neglected.

The ZVS when V| = V, = 200 V is shown in Fig. 2.12. Switches S; and S5 are
chosen to show the effectiveness of the proposed control. v, is the driver signals,
and vy is the drain-to-source voltages. As shown in all the figures, ZVS can be
obtained under both light load and full load.

Figure 2.13 shows different input voltages under rated load condition. As
illustrated, the two bias currents also occur at the boundary and can be used to
achieve ZVS as seen from the waveforms of v, and v¢p. Although the input and
output voltage are not matched, the transformer current remains critical continuous
if the two bias currents are ignored. This implies that the boundary condition can be
ensured under different input voltages.

The experimental waveforms in reverse power flow under 400 and 1200 W
conditions are shown in Fig. 2.14. As seen, v, lags vcp, indicating that the phase
shift ratio becomes negative to achieve reverse power flow. Meanwhile, the two

:10V/div

po ?
i a0V ] zs| [vagito0vidi |
e 10N
: I'4

i, :10A/div ;
2 us/div|

\ Vo7 10V /div
| vy 100V/div |

i, :10A/div

iy, :10A/div
.2!us/dlv

@ wov & @ 2000 23005/ [Tooc 0
e iooa - oo A 1M poinis _ o.00a  biocsecii

[}

us/div|

Fig. 2.12 ZVS under different loads (V; = V, = 200 V). a ZVS of S; under 200 W. b ZVS of S
under 200 W. ¢ ZVS of S| under 1600 W. d ZVS of S; under 1600 W
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Fig. 2.13 Different input voltage under rated load condition. a 180 V input. b 240 V input
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Fig. 2.14 Experimental waveforms when the power transfers backward from V, to V; under rated
input voltage. a 400 W reverse power flow. b 1200 W reverse power flow
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Fig. 2.15 Efficiency comparison when V, = 200 V
currents also remain critical continuous if the two bias currents are neglected, which

shows the proposed control is also effective in reverse power flow condition.
Meanwhile, no voltage spike or ringing occurs in v4p and v¢p, indicating ZVS.



44 2 Unified Boundary Trapezoidal Modulation Control for Dual ...

The efficiency of the converter with the proposed control method is measured
and compared with the one using the conventional phase shift control and the
conventional TZM control. Figure 2.15, V; =200 V, which matches with the
voltage in V; side. In this case, with the conventional TZM control, the efficiency is
relatively lower because ZVS is lost for four power switches. Meanwhile, the
proposed converter efficiency is slightly higher than the one with conventional
phase shift control at heavy load due to very low turn-off current for four power
switches.

While, when V, = 240 V as shown in Fig. 2.16, the efficiency of the converter
with conventional phase shift control decreases significantly due to high peak
current, large non-active power, and losing of ZVS. Besides, compared with
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Fig. 2.16 Efficiency comparison when V; = 240 V
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Fig. 2.17 Comparisons of the calculated power loss breakdown at the rated load when
Vl =200 V
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Fig. 2.18 Comparisons of the calculated power loss breakdown at the rated load when
V=240V

conventional TZM control, the efficiency with the proposed control has an
improvement of 4% at light load (100 W) and the improvement at the heavy load is
roughly 1.5%.

Figures 2.17 and 2.18 show the loss breakdown of the converter with the three
control methods under rated power when V| = 200 V and V| = 240 V. As shown
in Fig. 2.17, when the voltages of V| side and V; side are matched, the conventional
TZM can lead to more loss due to higher switches switching loss and switches
conduction loss. In this case, the total power loss of the system with the proposed
control is slightly lower than the one with the conventional phase shift control
because of lower switches switching loss. The total power loss difference between
them is small since ZVS of all the eight power switches can also be achieved for
conventional phase shift control when the voltages of V; side and V, side are
matched. However, the total power loss difference between the conventional phase
shift control and proposed control becomes larger when V| = 240 V as shown in
Fig. 2.18. In this case, the switches peak current and circulating current are both
increased for the conventional phase shift control, leading to higher switches
switching loss and conduction loss compared with the proposed control.
Meanwhile, compared with conventional TZM control, the proposed control has
less switches loss and copper loss since the boundary condition is applied and ZVS
of all the switches can be ensured with the fixed duty cycle compensation and
magnetizing current design.
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2.5 Conclusion

This paper proposes a unified boundary trapezoidal modulation (TZM) control for
dual active bridge DC-DC converters. It utilizes the proposed fixed duty cycle
compensation and magnetizing current design to achieve ZVS for all switches. With
the proposed control, the selection of control variables for the power transfer is
unified and can be implemented by one regulator. Besides, the converter has no
non-active power issues if the two low bias currents are ignored. Using the intro-
duced boundary control, the conduction loss can be further reduced because of no
non-active power and lower circulating current. The fixed duty cycle compensation
and the magnetizing current design can achieve ZVS for the left four power
switches, which cannot be obtained with conventional TZM control. As a result, all
the power switches can achieve ZVS and half of the switches can be turned off with
ZCS if the small bias current is ignored. Experimental results from 1.6 kW labo-
ratory prototypes have verified the theoretical analysis and the effectiveness of the
proposed control.
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Chapter 3 )
Hybrid-Bridge-Based DAB Converter sk
with Wide Voltage Conversion Gain

Abstract This chapter proposes a voltage match (VM) control for
hybrid-bridge-based dual active bridge (DAB) converter in wide voltage conversion
gain applications. With the addition of an auxiliary half-bridge circuit, the topology
becomes an integration of a half-bridge and a full-bridge DAB converter. Unlike
other PWM generation method for DAB converters, this converter utilizes
four-level voltage at one port of the transformer to obtain matched voltage wave-
forms within the range of twice the minimum conversion gain. Wide conversion
gain, decoupling of the two power control variables, and wide zero-voltage
switching (ZVS) ranges can be achieved with the proposed voltage match control.
Full load ranges of ZVS for the six main power switches can be achieved, and the
two auxiliary switches can also operate in a wide ZVS range. In addition, the power
control is done only using two control variables and its implementation is very
simple, only needing a divider and a conventional voltage regulator. These char-
acteristics and benefits of the proposed control are verified by experimental results
from a 1 kW converter prototype.

Keywords Hybrid bridge - Dual active bridge - Voltage match control
Wide ZVS range - Wide conversion gain

3.1 Working Principle of Hybrid-Bridge-Based
DAB Converter

The fundamental duty modulation [1], based on the fundamental optimization
method in [2], is aimed at reducing circulating current and simplifying of the
controller design. Just as other DAB converters, it has been pointed out that ZVS
for all the switches can be obtained when input voltage V; equals to nV,, while ZVS
range of the converter is limited in other cases. Instead of optimizing the modu-
lation scheme, [3] creatively made the modification in DAB converter topology and
proposed a hybrid phase shift control for wide input voltage range. However,
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although hybrid control can lead to wide ZVS range, smooth transfer between the
two control modes is a challenge in practice.

In view of the converter topology, the dual-bridge DC-DC converter first pro-
posed in [4] is a hybrid converter combining a full-bridge and a half-bridge con-
verter. With this modification in full-bridge converter topology, wide operation
range and small peak current can be achieved. The LLC resonate converter based
on the dual bridge proposed in [5] is only suited for unidirectional power appli-
cations to obtain wide voltage gain and wide soft switching range. In [6], a T-type
half bridge which is similar to the dual-bridge topology is utilized to achieve the
wide voltage gain. The topology has more power switches in the primary side, and
its control is also highly dependent on the system parameters.

3.1.1 Topology and Modulation
Scheme for Hybrid-Bridge-Based DAB Converter

In this paper, to achieve wide voltage gain for bidirectional power flow applica-
tions, a voltage match (VM) control is proposed for hybrid-bridge-based DAB
converter. The topology has been inspired by Song and Lehman [4] and is derived
from adding two switches and two split capacitors to the DAB topology. The
hybrid-bridge-based DAB converter is shown in Fig. 3.1. It can be divided into two
parts: the conventional DAB circuit and the auxiliary half-bridge circuit. The DAB
circuit is made up of an active full bridge consisting of switches Sy, S,, S3, and S, at
the V; side and an active half bridge consisting of switches Q;, Q, and capacitors
C>y, Cyy at the V; side. Ly is the transformer leakage inductance. Meanwhile, the
auxiliary switches Ss, S¢ and capacitors C;, Cy, constitute the auxiliary half-bridge
circuit. v4p stands for the voltage across point A and B, vgr denotes the voltage
across point E and F, and the voltage across point C and D is denoted as v¢p.
The typical operation waveforms for this proposed converter are shown in
Fig. 3.2. It should be noted that only the waveforms in the case of 0 < ® < D, are
taken as an example to illustrate the operation principle. Other cases will be ana-
lyzed in the next section. Besides, the item m = nV,/(2V)) is assumed to be in the
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H M 1 Cu
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T- %J- 1 'ﬂ. Vo VEr 3[¢ Vep V2
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Auxiliary half , L
bridge circuit DAB circuit

Fig. 3.1 Topology of hybrid-bridge-based DAB converter
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Fig. 3.2 Typical waveforms 4
for the hybrid-bridge-based
DAB converter when
O0<®<D;and05<m< 1

lo b tsty  tste bty

range of [0.5, 1] to specify the rising or falling of the inductor current waveforms.
The reason why this assumption can be made will be explained in the later section.

Switches S; and S, are operated complementarily with fixed 50% duty ratio.
S;3 and S5 are driven complementarily, and S, and S¢ are driven complementarily as
well.

The duty ratio for both S; and S; is D; (0 < D; < 0.5). The turn-on instant
for Ss;is the same as that of S,. The turn-on instant for S4 and S; is also the same.
At V;, side, Q; and Q, are also operated complementarily with fixed 50% duty ratio
just as Sy and S,. However, PWM signal for Q; is phase shifted with a phase shift
ratio ® with respect to S;. v4p denotes the voltage generated by the hybrid active
bridge at V; side, and it has four voltage levels: “V,”, “V,/2”, “=V,”, and “—V,/2”.
The time duration for the voltage level “V,” or “—V,” is DT, and the time duration
for “V/2” or “—=V,/2” is 0.5T,—D, T,. At extreme condition when D; = 0, the circuit
at V; side works as a half-bridge converter to generate a high-frequency voltage v,
which has only two voltage levels: “V,/2” and “—V,/2”. However, when D; = 0.5,
the circuit works as a full-bridge converter to generate the high-frequency voltage
which has two higher voltage levels: “V,” and “—V;”. When D, varies from 0 to
0.5, the circuit at V; side works as a combination of both the half bridge and full
bridge to generate v, with four-level voltages. This also explains why it is named



50 3 Hybrid-Bridge-Based DAB Converter with Wide Voltage Conversion ...

as “hybrid bridge.” The high-frequency voltage vcp generated by the half bridge at
V, side is a two-level square wave with 50% duty ratio. Similar to conventional
DAB converters, the bidirectional power flow is controlled by varying the phase
shift ratio @ between the two bridges.

3.1.2 Working Stages of the Converter

Since the PWM signals are symmetrical during two half switching cycles, the mode
of operation is analyzed only within one half cycle from #, to 7; as shown in
Fig. 3.2. The corresponding six working modes are illustrated in Fig. 3.3.

Stage 1 (%o, t1) (Fig. 3.3a): Prior to #y, S5 and Q, are on, and S; and S, are off. At
to, S1 and S, are turned on. During this stage, the converter works in full-bridge
mode, and the V; side high-frequency voltage vsp is equal to V.
The high-frequency voltage vcp generated by the half bridge in V, side is equal to
—V,/2. The transformer current i starts to increase with a constant slew rate, and the
following relationship is obtained

{VAB:Vh vep = =V, /2 (3.1)
i(t) = i(to) + (Vi +nVa/2)(t — 10) /s '

where n:1 is the transformer turns ratio.

Stage 2 (#1, t,) (Fig. 3.3b): At time #1, Q; is turned off. The transformer current at
V, side (i) starts to discharge the junction capacitor of Q; and charge the junction
capacitor of Q,. When the drain—source voltage of Q, is charged to V>, the drain—
source voltage of Q; is zero and the body diode of Q; will be conducted, creating
ZVS turn-on condition for Q;. Since the leakage inductance is relatively large for
DAB converters, the current required to charge/discharge the two drain—source
capacitors is small and can be neglected to simplify the ZVS analysis. If the small
charging current is ignored, ZVS condition for Q; is

l's(l‘l) = ni(tl) >0 (32)

Stage 3 (#,, t3) (Fig. 3.3c): At ,, Q, is turned on with ZVS. During this stage,
vep 1s equal to Vo/2. In this case, vqp > nvep because m is assumed to be in the
range of (0.5, 1). Consequently, the transformer leakage current i starts to increase
with a relatively lower constant slew rate and its value can be expressed as

vap =Vi, vep =V2/2
{ iL(r) = il(fz) + (Vi — ivz/z)(; — 1) /Ly (3.3)

Stage 4 (3, t4) (Fig. 3.3d): At time 3, Sy4 is turned off. The transformer current at
V, side (i) starts to discharge the junction capacitors of both S; and Sg and charge
the junction capacitor of S4. At the end of this charging process, the drain—source
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Fig. 3.3 Working modes of
the proposed converter when

O0<®<Dyand 0.5<m< 1.
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voltages of both S; and S, are V,/2, and the drain—source voltage of S¢ reaches zero.
The body diode conducts to create ZVS condition for S¢ in the next stage. If the
charging energy stored in these capacitors is ignored, ZVS condition for S¢ is

i(14) >0 (3.4)

Stage 5 (14, ts) (Fig. 3.3e): At t4, S¢ is turned on under ZVS. During this stage,
the converter works in half-bridge mode with v,z equals to V1/2 and v¢p equals to
V,/2. The transformer current i starts to increase with a constant slew rate, and the
expression for this current is written as

{VAB =Vi/2, vep=V2/2 (3.5)
l(l) = i(l4)+(V1/2—Vle/Z)(l—l4)/Lk ’

Stage 6 (15, #5) (Fig. 3.3f): S; and S5 are both turned off at 75s. During this interval,
the junction capacitors of Sy, S4, and S5 are charged and their drain—source voltages
increase. At the same time, the junction capacitor of S, and S3 is discharged. At the
end of this interval, the drain—source voltage of Ss is V/2, and the drain—source
voltages of S; and S, are V. The drain—source voltages of S, and S5 are both zero,
leading to ZVS turned on for S, and S5 at 75, The ZVS conditions for S, and S are
described as

i(tg) > 0 (3.6)

3.2 ZVS Conditions and Power Control
3.2.1 Current Range for ZVS

Similar to many other DAB converters, the converter power transfer is controlled
by not only one control variable. It is determined by two independent variables,
which are the duty cycle D, and phase shift ratio ®@. Different combinations of these
two variables can generate different voltage patterns and current waveforms,
leading to different ZVS conditions. In the previous section, the case of 0 < ® < D,
is taken as an example to study the working modes and principles of the proposed
converter. The realization of ZVS is only determined by the polarity of the trans-
former current when the switches are turned on as seen from the discussions of
working stages 2, 4, and 6 in Fig. 3.3. In view of all the combinations of D; and @,
they can be classified as four cases: 0 < ® < D, D; < ® < 05,D; - 05<® <0,
and —0.5 < ® < D; — 0.5. The theoretical operation waveforms for these four
operation patterns are illustrated, respectively, in Fig. 3.4.

Figure 3.4 shows the entire working patterns for all selections of D; and ®.
Figure 3.4a, b shows the operation when ® > 0, and Fig. 3.4c, d shows the cases
when © < 0. ty, 11, o, 13, 14, t5, and tg are the switches turn-on instants for each
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Fig. 3.4 Four operation patterns: a Pattern A: 0 < ® < D;. b Pattern B: D; < ® < 0.5. ¢ Pattern
C:D; —05<®<0.dPattern D: =0.5<® < D; — 0.5

pattern. Since ZVS is related to the current value when power switches are turned
on, calculation of the expression based on Fig. 3.4 for all these currents is
necessary.

The pattern A in Fig. 3.4a is firstly taken as one case to calculate all these current
values. Based on Fig. 3.4a, the current values at the instants when switches are
turned on are shown as follows

i(t) = —i(ta) = i(to) + (Vi +nV2/2)(t1 — t0)/Lx
: i) + (Vi — nVa/2)(t2 — 1)/ L (3.7)
] t6) = i(l‘z) + (V1/2 — I’le/Q,)(Z3 — tz)/Lk

where 1, 15, 13, 14, t5, and #4 are the switches turn-on instants denoted in Fig. 3.4a,
and i(¢) is the leakage inductance current value at time z.

Meanwhile, in a full switching cycle, the average value of the transformer
current is zero
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Table 3.1 Current limit for ZVS of all the switches for all the working patterns

ZVS for S; & |ZVS for S, & |ZVS for Q, & |ZVS for S5 &

S4 S3 Q2 Se
A:0 < ® < D, i(t)) < 0 i(tg) < 0 i(t;)) >0 i(ty) >0
B:D;<®<0.5 i(t)) <0 i(t)) <0 i(t) >0 i(t)) >0
C:D -05<®<0 i(tg) < 0 i(tg) < 0 i(ty) <0 i(t;) >0
D: i(t)) <0 i(t)) < 0 i(t) <0 i(t) >0
-05<®d<D;—05

Is
/ i(6)dt/T, = 0 (3.8)

fo

Then, based on (3.7) and (3.8), current expressions for pattern A when switches
are turned on are obtained

i(lo) = —i(l‘3) = —(4(I)nV2 + (V1 +2ViDy — nV2))T9/8Lk
i(l‘l) = —i(l4) = (8<1)V1 — (Vl +2ViD; — an))Tx/SLk
i(tz) = 71'([5) = [8(CI)nV2/2 —nDV,+ V]Dl)

—(V1 +2V1D1 - nVQ)]TS/SLk

(3.9)

In addition, based on the working modes discussed in the last section, ZVS
conditions for power switches when 0 < @ < D; are summed up in the first row of
Table 3.1. As illustrated, ZVS conditions for all the power switches are only
determined by the polarity of three current values: i(#y), i(t;), and i(#;). According to
the expressions for these current ranges shown in (3.9), ZVS range can be designed
through proper selections of the phase shift ratio ® and duty cycle D, to satisfy
these current ranges. In addition, the current ranges for other three working patterns
to achieve ZVS can also be shown in Table 3.1.

For pattern A, the expressions of i(ty), i(t;), and i(t,) are shown in (3.9). Based on
the typical waveforms in Fig. 3.4, the current expressions for the other three
working patterns along with the expression for pattern A are summarized in
Table 3.2 through similar method.

Table 3.2 Instant leakage current expressions for all working patterns (Part A)

i(to) i(t)
A: 0<¢p<D, —0.5 T,®nV, /Ly — E T,0V,/L, — E
B: ¢ > D, —05T,0nVa/L —E | 0.5T,(—®nVs +nD, Vs +2V,Dy)/Li — E
C:D) —05<$p<0 | —05T,|0nVs/L —E | 0.5T,(—|®|nVs —nD\Vs+2V, D)/ L — E
D: ¢<D; — 0.5 05T, |®nVa/Li — E | 0.25T,Vy(—4|®| — 2D, + 1)/ L + E

E = (V1 +2ViDy — nVQ)TS/SLk



3.2 ZVS Conditions and Power Control 55

3.2.2 Proposed VM Control to Ensure Wide ZVS Range

Although Tables 3.2 and 3.3 have illustrated the ZVS constraints of the proposed
converter, it is still difficult to find a suitable combination of ® and D, for certain
output power to ensure ZVS. The expressions in these tables are all affected by two
independent control variables. However, in Table 3.2, all expressions of i(zy), i(t;),
and i(t,) for different patterns share the same item: E = (V; +2V,D;— nV,)T,/8L;.
If this item is controlled to be zero, all these expressions can be simplified.
For instance, when E = 0, expression i(fy) < 0 for all the patterns will always be
satisfied regardless of the two control variables, implying that ZVS of Sy, S,, Ss,
and S, can be achieved within the full range of voltage conversion gain and output
power. Furthermore, when E = 0, ZVS conditions for Q; and Q, can also be
achieved regardless of the two control variables.

Table 3.4 illustrates the ZVS results when E = 0 for all the power switches in the
four working patterns. As seen, a full range of ZVS for Sy, S,, S3, S4, Qy, and Q,
can be obtained regardless of the load and voltages. Besides, ZVS of Ss and S¢ can
be obtained within the full range when the converter works in pattern A. ZVS for S
and Sg is depended on the voltages and load only in the case of pattern B, pattern C,
and pattern D.

The realization and physical meaning of E = 0 for the converter are illustrated in
Fig. 3.5a, where typical voltage waveforms for the proposed converter are shown,
and vgp is the transformer voltage referred from V, side to V; side as denoted in
Fig. 3.1.

Table 3.3 Instant leakage current expressions for all working patterns (Part B)

i(2)
A: 0<$p<D, 0.5T,(®nVs — nD, Vs + 2V, D) /Ly — E
B: ¢ > D, 0.5T,(®+ D))V, /Ly — E
C: D —05<$<0 Z05T,|0|V, /Ly + E
D: ¢<D; — 0.5 0.57,((|®| + Dy)nVs — V1)/Ly +3E

E = (V] +2V1D1 — }’lVQ)T;/ng

Table 3.4 ZVS results when E = 0

ZVS for S; |ZVS for S, |ZVSforQ; & |ZVS for Ss & S¢
& S4 & S’; Q2
Pattern A: 0<¢ <D; | Always Always Always Always satisfied
satisfied satisfied satisfied
Pattern B: ¢ > D, Always Always Always Voltage- and
satisfied satisfied satisfied load-dependent
Pattern C: Always Always Always Voltage- and
D; —05<¢<0 satisfied satisfied satisfied load-dependent
Pattern D: Always Always Always Voltage- and
¢<D; —0.5 satisfied satisfied satisfied load-dependent

E = (V1 +2V\D| — nVQ)TS/SLk
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Fig. 3.5 Physical meaning of £ = 0. a The proposed converter. b DAB converter with SPS
control under optimal operating point

For the proposed converter, the shadow areas of A; and A, in Fig. 3.5a can be
expressed as

SA] :DlTYV1+(05—D1)TYV1/2 (3 10)
Sa, = 0.5TnV, /2 '
By setting the two areas to be equal, we can obtain
Vi+2ViDy —nV, =0 (3.11)

Substitution of (3.11) into expression of E leads to E = 0. Therefore, to make
E = 0, the areas A; and A; need to be equal. This can be achieved by regulating the
duty cycle D;. Rearrangement of (3.11) leads to the expression of D,

D1 = 0.5nV2/V1 —-0.5 (312)

As seen in (3.12), Dy is only determined by the voltages on both sides, and it is
independent of another power control variable ®. This decoupling can simplify the
power control. Based on (3.12), D, can be used to ensure the wide ZVS ranges,
while @ can be used to control the bidirectional power transfer. This method is
named as voltage match (VM) control since the control of D is aimed at achieving
the match for areas of A; and A, as shown in Fig. 3.5a.

For conventional DAB converters with SPS control, the optimal performance
including full range of ZVS and low peak current is obtained at the optimal
operating point where input voltage V| equals to nV,. Actually, this operating point
is equivalent to £ = 0 in view of the voltage waveform. Figure 3.5b shows the
waveforms for the optimal operating point. It can be easily obtained that the areas of
A and A, are equal if input voltage V, equals to nV,. In other word, the equivalent
optimal operating point can always be obtained for the proposed converter if the
areas of A; and A, are controlled to be equal. This also explains why ZVS can be
obtained within full input voltage range for switches Sy, S,, S3, S4, Qy, and Q,.
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3.3 Converter Performance with Proposed Voltage
Match Control

3.3.1 Voltage Gain Under VM Control

According to (3.12), with VM control, D; changes with respect to m, where
m = nV,/(2V,) and n is the turns ratio as mentioned before. Then, substitution of
m into (3.12) leads to

m=D;+05 (3.13)

As shown in (3.13), with the VM control, m should be limited in the range of
[0.5, 1] since the value range for [0, 0.5]. This is why 0.5 < m < 1 was assumed
in Sect. 2. The typical waveforms for the proposed converter with the VM control
for different values of m are shown in Fig. 3.6.

When m = 0.5, the corresponding value of D; is 0, and v,p is a 50% square
waveform with amplitude V,/2. When m = 1, the corresponding value of D is 0.5,
and v, remains as a 50% square waveform. However, its amplitude becomes V,
since the circuit now works as a full-bridge converter instead of half bridge. As seen
in Fig. 3.6a, c, the waveforms are similar in both cases. At the two boundary
m values, both the converters work at optimal operating point since the duty cycle
of the two voltage waveforms is 50% and the shadow area of A; equals to A,.
Therefore, at the two boundary m values, the converter will have both a lower
leakage inductor root-mean-square (RMS) current and peak current. This is quite
different from the conventional DAB converters where leakage inductor RMS
current and peak current are totally different in maximum voltage gain and mini-
mum voltage gain situations.

(a) (b) (©)

D= DT 0<D1<0.5 05T, D;=05
v T va JE#%: Wl A
o7 o1, or, L] [
- 72 = LT H 1 game

24 ot A

_J/y—r\ i m i [ i
I ]
hhti h 1‘3 lJ4 oty 1lsls g toly b )3 £4

Fig. 3.6 Typical waveforms with different conversion gains. a m = 0.5, half-bridge mode.
b 0.5 < m < 1, hybrid bridge mode. ¢ m = 1, full-bridge mode
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3.3.2 Power Transfer Characteristics with VM Control

Based on the waveforms of each working pattern in Fig. 3.4, the transferred power
can be expressed as

Is

P,(Dy, ®) :Tls / vas()i(t)de (3.14)

For pattern A, the transferred power can be written as

1% 5}
1
P, A(Dy,®) =7 /Vli(t)dH— /O.SVli(t)dz
L " (3.15)

ts 173

+/_V1i(z)dt+ /—O.SVli(t)dt

1y ts

Then, according to the mathematical expression for the current in each time
interval shown in (3.7), (3.8), and (3.9), the transferred power for pattern A can be
calculated as

—nVoVi T

P()_A(D17(D): 3L
k

(80 — 20 — 40D, — D, +2D?) (3.16)

Using the same method, the transferred power functions for the other three
working patterns along with (3.16) are summarized as below

Py_a(Dy, @) = =22NL (807 — 20 — 40D, — D, +2D7)

P, 3(Dy,®) = —"Wl * (407 — 20 + 40D, — D, — 2D?)

P, (D, ®) = "VZVI £ (4@? — 20 — 4®D; + D, — 2D?) (3.17)
P, p(Dy,®) = "VgLV; (8®* — 6@ +4DD; +2D} + 1 —3Dy)

where P,_p (D1, @), P,_c (D1, D), and P,_ (D;, @) are power transfer functions
for pattern B, pattern C, and pattern D, respectively.

When VM control is applied, with substitution of (3.12) and (3.13) into (3.17),
the power transfer normalized by Py, = nzV%TS/ 16L; between the phase shift ratio
@ for different voltage gain m is plotted in Fig. 3.7. The power is positive when it is
transferred from V| side to V, side; otherwise, it is negative. As shown in Fig. 3.7a,
when m changes from 0.5 to 1, the power transfer changes slightly, and the plots for
the cases when m = 0.5 and m = 1 are overlapped. Just like the conventional DAB
converters, the phase shift ratio @ should be limited within a proper range to ensure
that the power transfer P is monotonously increasing with the increase of ®@.
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Fig. 3.7 Power transfer characteristics. a Normalized power transfer curve under different
conversion gains. b Peak power transfer point for different conversion gain

The maximum power transfer for a particular m is symmetrical for the positive
and negative power transfer. Therefore, the cases when power transfer is positive
can be considered to obtain the maximum power transfer expression. The maximum
power point for different m can be obtained based on (3.17) when P > 0, which is
shown as

—n?V3T,(1 — 3m+3m?) /(16Lym) ifm<2/3

P () { —nszsz(Z — 6m+3m?)/(32Lim)  else (3.18)

Pax(m) in (3.18) is plotted in Fig. 3.7b. When m changes from 0.5 to 1.0, the

maximum power point varies. To ensure that the power can be achieved for all m,

the maximum power transfer for the hybrid-bridge-based converter should be the

minimum value of P,,(m), which is the valley point shown in Fig. 3.7b. The
expression of the minimum value can be obtained based on (3.18).

min [P (m)] = Tn? V2(2V/3 — 3) /(16L) = 0.464Ppge (3.19)

Therefore, the global maximum transfer is 0.464Py,. for the
hybrid-bridge-based DAB converter for all m values. It should be pointed out that
the V; side hybrid bridge works as a combination of full-bridge and half-bridge
converters except for the two boundary conditions. In these cases, the effective
voltage value across the transformer input is reduced due to a decreased duration of
high-voltage level V; in v,;,. Consequently, the maximum power transfer is reduced
when compared with full-bridge converter.

Meanwhile, based on (3.15) and (3.17), the operation regions for different pat-
terns under different power transfer normalized by P p,s = n2V%TS/ 161y and m are
shown in Fig. 3.8. As shown, at different P and m, the converter mostly operates in
the regions for pattern A and pattern C. Pattern B is observed at relatively lower
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voltage gain when the power flow direction is positive. When the power transfer is
negative, pattern D occurs at relatively higher voltage gain.

3.3.3 Switches ZVS Discussion

As discussed in the last section, ZVS for Sy, S, S3, S4, Qy, and Q, can always be
achieved for all the patterns regardless of the load and voltage gain with the VM
control. Therefore, only the ZVS regions for the auxiliary switches S5 and S¢ are
discussed. Based on the current expressions and ZVS conditions for S5 and S¢ in
Tables 3.2 and 3.3, ZVS operation regions under different conversion gains and
power transfer for S5 and S¢ are plotted in Fig. 3.9. The dashed line as illustrated
represents the soft switching boundaries, which is the locus of zero leakage current
when Ss or S¢ turns off. As shown, ZVS can be realized for most of the regions.

3.4 Implementation of the Proposed Control

With the VM control, the power control variables D; and @ can be controlled
separately. According to the power transfer characteristics discussed previously,
voltage V, can be controlled by the phase shift ratio @ with a traditional voltage
feedback loop. The implementation of the proposed VM control is shown in
Fig. 3.10. V. is the voltage reference of V, side voltage. vy, v,, dy, and ¢ are the
variables for the equilibrium values of Vy, V5, Dy, and ®, respectively. ®_,,,x and
®,max are the lower and upper limits of the voltage regulator, respectively.
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As shown in Fig. 3.10, the PI regulator is used to control voltage V, by adjusting
the phase shift ratio ¢. The VM control can be easily implemented by calculating
the duty cycle value d; using voltages v; and v,. This control loop is very simple
and does not need any complicated calculations.

3.5 Comparison

3.5.1 General Comparisons

General comparisons of the topology and control are shown in Tables 3.5 and 3.6.
As depicted, the hybrid-bridge-based DAB converter has the same number of
power switches as other DAB converters. With VM control, wide ZVS range can be
obtained using only two control degrees of freedom. Even though the
hybrid-bridge-based DAB converter is not symmetrical, it is a unified control from
the power control point of view. The PWM generation method does not change
under different power levels and power directions. Device ratings for the
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Table 3.5 General comparisons of the topology structure and control (Part A)

Control degrees of Control Power switches Device voltage
freedom complexity number stress
Viside |V,
side
SPS [7] 1 Lowest 8 Vi Vs
EPS [8] 2 High 8 v, Vv,
TPS [9] 3 Highest 8 Vi Vs
VM 2 Low 8 Vi or Vy/2
V2

Table 3.6 General comparisons of the topology structure and control (Part B)

Needing of split capacitor

Mode shifting in control

Symmetric in topology

SPS [7] No No Yes
EPS [8] No Yes Yes
TPS [9] No Yes Yes
VM Yes No No

hybrid-bridge-based DAB converter are also different from other DAB converters.
At the V| side S5 and S only need to withstand half of its corresponding DC-link
voltage and so is for the switches at V, side. Meanwhile, for other full-bridged DAB
converters, all the eight switches have to withstand the full DC-link voltage.

3.5.2 Comparison of Inductor RMS Current and Total

Conduction Loss

The RMS current and total conduction loss comparisons are evaluated based on
parameters shown in Table 3.7. The conventional full-bridge converter employing

Table 3.7 Parameters related to the comparison

Conventional DAB Hybrid-bridge-based DAB
converter converter

Power rating 1 kW

Voltage rating Vy=120-240 V, V, =96 V

Switching frequency 50 kHz

Inductance value 20 uH

Transformer turns 15:8 10:4

ratio

Primary switches FDA 59N30 * 4 S1, So, Sz, S4: FDAS9N30

Ss, S¢: FDP 2614
Secondary switches FDH 055N15A * 4 FDH 055N15A * 2
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EPS method aimed at maximum ZVS range [10] is chosen as the comparison
topology. The voltages and power ratings are the same for both of the two cases.
Besides, the inductor and transformer parameters are also the same except for the
transformer turns ratio of conventional DAB. It is optimized to be 15:8. With this
optimized turns ratio, the conventional DAB works at its optimal operating point
when V, = 180 V.

The inductor RMS currents for different voltages and power are shown in
Fig. 3.11. As illustrated in Fig. 3.11a, when V; = 120 V the RMS current is smaller
for the converter with the proposed VM control. When V; = 140 V, RMS current is
smaller for VM control in most of its power range. However, when voltages are
increased to 160, 180, and 200 V, the RMS current becomes relatively larger for
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Fig. 3.11 Comparisons of inductor RMS currents for EPS control and proposed VM control
under different voltages and power. a V; =120 Vand V; =140 V.b V; =160 V, V; = 180 V,
and V; =200 V.¢c V; =220 Vand V; =240 V
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converter with the proposed method. This is because the input voltage is near the
optimal operation point (V| = 180 V) for EPS control. As the voltage increases to
220 and 240 V, the RMS value becomes larger again for most of the power range
with EPS control. It is worth noting that RMS current values at light loads using
EPS control are larger in most of cases when compared with VM control.

In Fig. 3.12, the total conduction loss of the hybrid-bridge-based converter with
VM control and the conventional DAB converter with EPS control is compared. In
Fig. 3.12a, the total conduction loss for two methods with V; = 120 and 140 V is
shown. As seen, the total conduction loss for DAB converter with EPS is larger
than that of the hybrid-bridge-based converter with VM control. In Fig. 3.12b, as
the voltage V| increases to 160, 180, and 200 V, the total conduction loss for
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Fig. 3.12 Comparisons of total conduction loss for EPS control and proposed VM control under
different voltages and power. a V; =120V and V; =140 V. b V; =160 V, V; = 180 V, and
Vi=200 V.cV; =220 Vand V; =240 V
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conventional DAB converter is smaller than that of hybrid-bridge-based converter
for most power levels. For the 240 and 220 V cases shown in Fig. 3.12c, the total
conduction loss with EPS is always larger than the case with VM when
Vi =240 V. When V, = 220 V, the total conduction loss using EPS is larger than
that with VM control for power lower than 800 W. Therefore, from a conduction
loss point of view, the converter with VM control has a better overall performance
when the voltage range is large. Also, it is worth noting that the total conduction
loss is much higher at light loads employing EPS compared to that with VM control
when V; = 120 V, V; = 140 V, V| = 220 V, and V| = 240 V. This also shows that
the hybrid-bridge-based DAB converters with VM control can reduce conduction
loss for light load within a wide voltage gain range.

3.6 Experimental Verification

A laboratory prototype was built to validate the feasibility of such proposed VM
control for hybrid-bridge-based DAB converters. The specifications are the same as
listed in Table 3.7 for comparison section. In addition, the capacitance values for V;
side half bridge are C1; = C;, =20 pF, and the capacitance values for V, side half
bridge are Cy; = Cy, = 40 pF.

The experimental waveforms under rated power for different V; voltages are
shown in Fig. 3.13. i; is the measured leakage inductance current. As shown in
Fig. 3.13a, d, the voltage and current waveforms are similar for the two cases when
Vi1 =120 and V| = 240 with voltage gain m = 1 and m = 0.5, respectively. These
operation waveforms are similar to those of DAB converters with SPS control
running at optimal operating point where ZVS can be obtained easily. When
V1 =160 V and 200 V with corresponding voltage gains m = 0.75 and m = 0.6,
respectively, as seen in Fig. 3.13b, c, the duty cycle D; is larger than the phase shift
ratio and they are both positive indicating that the converter is working in pattern A.
This agrees well with the operation pattern waveforms shown in Fig. 3.4 and the
pattern region division in Fig. 3.8. For these two cases, ZVS will be achieved for all
the switches judging from the inductance current (i;) polarity at each turn-on instant
according to the current limit of ZVS for pattern A listed in Table 3.1.

Figure 3.14 shows the experimental waveforms of different voltage conversion
gains at light-load condition (150 W). As seen in Fig. 3.14a and d, the current and
voltage waveforms are similar when V; = 120 V and V| = 240 V, respectively. In
these two cases, all the power switches can achieve ZVS similar to the DAB
converter with SPS control at optimal operating condition. In Fig. 3.14b, ¢, when
Vy is 160 and 200 V, respectively, D; — 0.5 < @ < 0 is satisfied. This implies that
the converter works in pattern C, which matches with operation pattern waveforms
in Fig. 3.4 and the pattern region in Fig. 3.8. Judging from the current (i;) polarity
at each turn-on instant, ZVS for all the power switches can still be achieved for both
cases based on ZVS condition in Tables 3.2 and 3.3.
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When the power reverses from V, side to V; side, the experimental waveforms
with different V| under —600 W are illustrated in Fig. 3.15. As seen in Fig. 3.15a,
vap lags vep in phase implying that the power transfers backward. The waveforms
in Fig. 3.15a are also similar to those in Fig. 3.15d. The converter works in pattern
C when V; = 160 and 200 V, respectively, as shown in Fig. 3.15b, d, which cor-
responds to the operation pattern waveforms shown in Fig. 3.4 and the pattern
region in Fig. 3.8. When V; = 200 V, ZVS of all the switches can also be achieved
expect for Ss and Sg, judging from the current polarity at each turn-on instant. In
this case, ZVS for S5 and S is lost since the converter works in the no ZVS region
of pattern C as shown in Fig. 3.9.

The efficiency curves of the hybrid-bridge-based converter with proposed VM
control and conventional full-bridge DAB converter with EPS control are plotted in
Fig. 3.16. The parameters for the two topologies are the same as those listed in
Table 3.7. When V; is 120 and 240 V, the converter efficiency differs little with
VM control since the voltage and current waveforms are similar. For these two
cases, the efficiency using VM control is always higher than the efficiency
employing EPS control, especially at light load. When V; is 160 and 200 V, the
efficiency using these two controls is almost the same at heavy load condition.
When the power is lower than 300 W, the efficiency is higher using proposed VM
control compared to that with EPS control. For VM control, it can be seen that its
efficiency does not change much for the four cases described above. With EPS
control, however, the efficiency decreases greatly as V; voltage is varied from the
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Fig. 3.15 Experimental waveforms of different input voltages when power transfer backward
(Po=—600W). a V;{=120V, m=1. b V; =160V, m=0.75. ¢ V; =160V, m = 0.6.
dV, =240V, m=0.5



68

(a)

95 1 > s i,
TR
& ~=120V,VM
S 85
-2 —240V,VM
£ A2V
S g0 | 120V,EPS

~—240V,EPS

150 200 300 400 500 600 700 800 900 1000
Py(W)

3 Hybrid-Bridge-Based DAB Converter with Wide Voltage Conversion ...

(b)

95
X 90 B 160V,VM
g5 —4-200V,VM
-2 ~8-200V,EPS
S 80 1 ~=160V,EPS

150 200 300 400 500 600 700 800 900 1000
P(W)

Fig. 3.16 Efficiency comparison between VM control and EPS control. a V; =120 V and

V, =240 V.b V, = 160 V and V, = 200 V

(a)
80 | V=120V
w ¥
~
z =EPS
7 40 aVM
[w
g M1 ™
0= =) o
& T & S o
N %@\g@:ﬁw"" & &
Qo S S $
< & 8 &&Q
(©)
o V=200V
—~ 60
z =EPS
§ 40 VM
&
N |
D oS a8 em
& &L & & &
R
F ST S & &
< = R &@“

P, loss (W)

Py (W)

(b)
S V=160V
60 4
= EPS
40 VM
N L
N ¥R PR B
S & & N &
\d‘_J O \&'\‘& &\0 &
& %@b&’ %\..@? ‘@- é@
S & >N &
(d
e V=240V
60 m EPS
LAWY
40
N 1]
) F°E FF
& e & & ¢
S
@ e o N &

Fig. 3.17 Loss breakdown between VM control and EPS control under rated load. a V; = 120 V.

bVi=160V.e¢V,=200V.dV, =240 V

optimal operating voltage 180—120 and 240 V. Therefore, the proposed VM control
maintains high efficiency over the whole operating voltage and load range, while
EPS control can only ensure a high efficiency at heavy load and a limited voltage

range.

Figure 3.17 shows the loss breakdown comparison for the hybrid-bridge-based
converter with proposed VM control and conventional full-bridge DAB converter
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with EPS control. Four types of losses are compared: the switches conduction loss,
switching loss, inductor loss, and transformer loss. The parameters for the two
topologies are also the same as those listed in Table 3.7. As shown in Fig. 3.17a,
the total loss is much larger for EPS control when V| = 120 V, since the four types
of loss are all larger. In Fig. 3.17b, when V; voltage increases to 160 V, the total
loss is similar for both of the two control methods. In this case, the conduction loss
is smaller using EPS control, but the switch switching loss is higher. When
V1 =200 V as seen in Fig. 3.17c, the loss using EPS control becomes a little bit
lower. While, EPS control has larger loss when V; voltage is moved away from the
optimal voltage (180 V) to 240 V compared with VM control as shown in
Fig. 3.17d.

3.7 Discussion and Future Work

Like the ZVS discussion of many previous works in DAB converters, the charging/
discharging energy is ignored in this chapter since the leakage inductance is rela-
tively large. If the charging/discharging energy is considered, full ZVS performance
can be affected slightly in real applications. Therefore, further improvements can be
made to achieve accurate ZVS conditions taking into account the small charging/
discharging current for drain-to-source capacitors of the power switches. Besides,
the optimal target in this chapter is to widen ZVS range and simplify the controller.
Hence, only four voltage levels are used at one port of the transformer resulting in
that the control has only two degrees of freedom. Future work can be implemented
to generate five voltage levels at one port of the transformer. Better performance
may be obtained at the cost of increased control degree of freedom.

3.8 Conclusion

A VM control has been proposed for hybrid-bridge-based DAB converter to suit
wide voltage conversion gain applications. The topology is an integration of a
half-bridge and a full-bridge DAB converter, which utilizes four-level voltage
waveforms at one side of the transformer. Based on operation modes and ZVS
conditions for the working patterns, the VM control is employed to achieve wide
ZVS range and simple controller. This control is suited especially for the appli-
cations where the voltage gain is twice of its minimum voltage gain. With VM
control, theoretically full load ZVS range can be obtained for the six main switches,
and the two auxiliary switches can also operate in a wide ZVS range. Also, the
power control is very simple and does not need any complicated calculations.
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Hence, it is easy to implement digital control. A 1 kW converter prototype is built
up to verify the effectiveness of the VM control for hybrid-bridge-based converters.
The results show that it is a good candidate for bidirectional power flow applica-
tions needing wide voltage conversion gains.
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Chapter 4 M)
Dual-Transformer-Based DAB et
Converter with Wide ZVS Range

for Wide Voltage Gain Application

Abstract Dual-transformer-based dual active bridge (DAB) converter with wide
ZVS range for wide voltage conversion gain application is derived and studied in
this chapter. The phase shift control is adopted for this converter with minimum
power switches employing half-bridge output, and a control law is proposed to
achieve wide ZVS range. With the proposed method, four switches of the converter
can achieve full range of ZVS. The other two switches can achieve full-range ZVS
under positive power flow, while slightly reduced ZVS region under reverse power
flow. Unlike the methods employing three control degrees of freedom, the proposed
method only utilizes two decoupled control variables, making the controller easy to
be implemented. In addition, the design of turns ratios for the two transformers
under the proposed control is also optimized based on the gain ranges and con-
duction loss. The effectiveness of the converter with the proposed control is verified
by experimental results from a 1 kW prototype.

Keywords Dual-transformer-based - Dual active bridge converter
Wide ZVS range - Wide conversion gain

4.1 Converter Topology and Operation Principle

The concept of dual-transformer-based converter is used in [1] to achieve full ZVS
range and reduced filter size for conventional full bridge with plus width modu-
lation (PWM) control. Also, a dual-transformer-based full-bridge converter with
DCM operation [2] is studied to minimize the switching number, reduce filter size,
and improve the efficiency. In [3], the dual-transformer-based concept is extended
to converters with phase shift control to achieve wide voltage gain. While the power
flow is unidirectional with the using of diode rectifier, ZVS range of the converter is
still limited. Wide ZVS range and wide conversion gain can be both achieved for
dual-transformer-based converter in [4], but the converter has many power devices,
and the power is also unidirectional.
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In this chapter, to achieve wide ZVS range and wide voltage gain for bidirec-
tional power applications, a simple control law 1is presented for the
dual-transformer-based DAB converters with minimum power switches. The
topology has been inspired by the PWM converter in [1].

4.1.1 Topology and Modulation Schedule Using Phase Shift
Control

The dual-transformer-based DAB converter topology is shown in Fig. 4.1. It only has six
active switches. In the primary side, the circuit can be divided as two parts including a
conventional full-bridge circuit and an auxiliary half-bridge circuit. The two bridges share
the same leg consisting of S; and S,. For the output side, it is a half bridge. L is the
leakage inductance at the secondary side acting as a power link for this DAB converter.
The typical operation waveforms with phase shift control are shown in Fig. 4.2. It should
be noted that only the case when 0 < ¢ < Dy is taken as an example to illustrate the
operation principle, where D; is the duty cycle of primary side, and ¢ is the phase shift
ratio between vpg and vpg. Other cases will be analyzed in the next section. All of the six
switches are driven with 50% duty cycle. For the primary side, the four switches work
the same as conventional phase shift full-bridge converter. The other two capacitors: Cy,
C1,, together with the leg of Sy, S,, work as an additional half bridge with fixed 50%
duty cycle. The primary sides of the two transformers are in parallel, and the secondary
sides are in series. With this configuration, four voltage levels can be generated in the vpg
waveform and are controlled with the duty ratio D;. In the secondary side, the leakage L;
provides the power link between the high-frequency transformer output voltage vpg and
the output voltage vpg of the half bridge in secondary side. The bidirectional power
transfer is controlled by the phase shift ratio ¢ between vpg and vpE.

In view of the high-frequency voltage waveform induced on the leakage inductor
(Vpg), it actually consists of four voltage levels unlike three voltage levels for the
other DAB converter. Through proper method to generate the four voltage levels,
the peak current and reactive current of the converter can be tightly controlled when
the voltage V; or V, changes. This characteristic provides the possibility for the
converter to have a better performance under wide voltage gain range application.
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Fig. 4.1 Topology of dual-transformer-based DAB converter
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4.1.2 Working Stages of the Converter

Since the PWM signals are symmetrical during two half switching cycles, the mode
of operation is analyzed only within one half cycle from #, to 7s as shown in
Fig. 4.2. The corresponding six working modes are illustrated in Fig. 4.3.

Stage 1 (o, t;) [Fig. 4.3a]: Prior to o, S4 and S¢ are on, and S, S,, S5, and S5 are
off. At o, S| is turned on. During this stage, vac is equal to V;, and v, is equal to
V1/2. Consequently, the total secondary side voltage of the two transformers vpg is
N,V + N,V,/2, and the high-frequency voltage vgg generated by the half bridge in
V, side is —V,/2. The transformer current starts to increase with a constant slew rate
and the following relationship is obtained,

{ i‘v(l‘ — [()) = l.S(l()) + (VDE — VFG)([ — l())/Lk (4 1)
voE = NiVi+NoVi /2, veg = =V /2 '
where 1: Ny and 1: N, are the turns ratios for transformer 7 and T, respectively.

Stage 2 (11, 1) [Fig. 4.3b]: At time #{, S¢ is turned off. The transformer current
starts to discharge the junction capacitor of S5 and to charge the junction capacitor
of Sg. When the drain—source voltage of S¢ is charged to V,, the drain—source
voltage of S5 is zero and the body diode will be conducted to create ZVS turn-on
condition for Ss in the next stage. Because the leakage inductance is relatively large
for DAB converters, the current required to charge/discharge the two drain—source
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Fig. 4.3 Working stages. a Stage 1, b Stage 2, ¢ Stage 3, d Stage 4, e Stage 5, and f Stage 6

capacitors is small and can be neglected to simplify ZVS analysis. Hence, ZVS
condition for S5 can be obtained as,

i,(1) <0 (4.2)

Stage 3 (5, 13) [Fig. 4.3c]: At t5, S5 is turned on under ZVS. In this stage, the
total secondary side voltage of the two transformers vpg is the same as that of Stage
1. vgg is changed to be V,/2. In this stage, the transformer leakage current is
changing with a relatively lower constant slew rate and its value can be expressed
as,

vpE = N1Vi+NoVi /2, veg = Vo /2 (43)

{ l's(t — tg) = is(lz) + (VDE — Vp(;)(t — tz)/Lk

Stage 4 (3, t4) [Fig. 4.3d]: At 13, S4 is turned off. iy starts to discharge the

junction capacitor of S; and charge the junction capacitor of S,. At the end of this

charging process, the body diode conducts to create ZVS for S; in the next stage.

The charging energy stored in these capacitors is ignored, and ZVS condition for S;
is,
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i1 (l3) = l'x(tg,)Nl <0 (44)

Stage 5 (14, t5) [Fig. 4.3e]: At t4, S5 is turned on under ZVS. During this stage,
vac changes to be zero. vpg becomes N,V,/2. The relationship between transformer
current and voltages can be expressed as,

{ ij[g]ti —211332;1 ;SZ(,?\})F:SDV]Z/_ZVFG)U —13)/ Ly (4.5)

Stage 6 (ts, t¢) [Fig. 4.3f]: S; is turned off at 5. During this interval, the junction
capacitor of S, is discharged, and its drain—source voltage decreases. At the end of
this interval, the drain—source voltage of S, is zero, and the body diode is con-
ducted, leading to ZVS turned on for next stage. The ZVS condition for S, can be
shown as,

ir1(13) +ir2(t3) = is(t3) (N1 +N2) <0 (4.6)

4.2 ZVS Constraints and Control

4.2.1 Current Range for ZVS

Similar to many other DAB converters, the converter performance is dependent on
more than one control variable. It is controlled by the full-bridge duty cycle D; and
the phase shift ratio ¢ between vpg and vgg. Different combinations of them can
have different working patterns, leading to different ZVS performances. In the
previous section, the case of 0 < ¢ < D is taken as an example to study the
converter working principles. If all the combinations of D and ¢ are taken into
consideration, three more cases should be considered: D; < ¢ <0.5,
D; — 0.5< ¢ <0,and —0.5 < ¢ < D; — 0.5. The theoretical waveforms for all the
four cases are illustrated, respectively, in Fig. 4.4. The cases when ¢ > 0 are shown
in Fig. 4.4a, b, and the cases when ¢ < 0 are shown in Fig. 4.4¢c, d. As discussed
from working Stages 2, 4, and 6 for the pattern A which is shown in Fig. 4.3, ZVS
is only determined by the polarity of transformer current at the instant when switch
is turned on. According to this principle, current constraints of ZVS can be summed
up in Table 4.1. The expressions for these currents in Table 4.1 can be calculated
based on the voltage induced across the leakage inductance during each working
stage. Take pattern A for instance, the relationships between the current and the
voltages are shown in (4.1), (4.3), and (4.5). For the transformer current, the DC
current bias is zero, and the two half cycle waveforms are symmetric. Therefore, it
can be obtained,
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Fig. 4.4 Four working patterns. a Pattern A: 0 < ¢ < D;. b Pattern B: D; < ¢ < 0.5. ¢ Pattern C:
D, —05< ¢ <0.dPattern D: -0.5< dp <D; — 0.5

Table 4.1 ZVS current limit for different working patterns

Working patterns S1, S, (ZVS) S3, S4 (ZVS) Ss, S¢ (ZVS)
A:0< <D i(tp) < 0 is(t;) > 0 is(t)) >0
B:D; < <05 is(to)) <0 i(t;) >0 i(t) > 0
C:D -05<¢$p<0 i(tp) < 0 i(t;) >0 i(t) <0
D: -05<¢<D; —05 is(t)) < 0 is(t) >0 i(t)) <0

is(t1) t—I— is(ts) = is(t2) +is(ts) = is(t3) +i5(t6) =0
1T, [i(n)d, =0

o

(4.7)

Then, based on (4.1), (4.3), (4.5), and (4.7), the current expressions in Table 4.1
for pattern A can be obtained. In addition, the current expressions for other three
working patterns can also be calculated using the same method. Substitution of all
current expressions back to Table 4.1, the relationship between ZVS and D; and ¢
can be summed up in Table 4.2.
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4.2.2 Proposed Control Law to Achieve Full Range
of ZVS for S;, S,, S5 and Sg

Based on Table 4.2, the ZVS performance is affected by D, ® and the two turns
ratios: N; and N,. It is complex to select a proper combination of them for achieving
wide ZVS range. However, all the expressions in Table 4.2 share the same item:
E =V, — N\V; —4DN,V;. If E is set to be zero, the expression for S; and S, can
be easily satisfied regardless of any other variables, implying that ZVS can be
achieved independently of the transformer turns ratios, load and two port voltages.
Meanwhile, ZVS for S; and S4 can also be achieved independently of the other
variables according to Table 4.2. The physical meaning of E = 0 is illustrated in
Fig. 4.5. As shown, the expression of the voltage second in a half positive cycle for
the two ports of the leakage inductor voltages (vpg, Vgg) can be calculated as,

Sa = NaVi Ty /44 N, VD T (4.8)

SB = V2Tr/4 '
If s, = sp, then it can be obtained,

Dy = (V, — N, Vi) /4N Vy (4.9)

Substitution of (4.9) into the expression of E leads to E = 0, and vice versa.
Therefore, E = 0 is equivalent to making the half cycle voltage seconds applied to
the two ports of the leakage inductor to be equal. Therefore, this control law is
aimed at achieving voltage second balance at the two ports of the inductor. With
E =0, ZVS results for all the switches can be summarized in Table 4.3. As seen,
with the control law, ZVS of Sy, S,, S5, and S¢ can always satisfied. ZVS of S; and
S, in pattern B, C, and D is dependent on Dy, ¢ and two transformer turns ratios
(N1, Na).

A 0.57,
. Ly DT | NV, VDE
D I F ————rx 1
| dhbd | Sy Hvn | '
VDE vre I 1L oT - VFGt
| | —V/ Sp 2 |
E G 0.57, t

Fig. 4.5 Physical meaning of E = 0
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Table 4.3 ZVS results when E = 0 for four working patterns

Working patterns S, S, S3, Sy Ss, S¢
A:0< d <D AS AS AS
B: D < $ <05 AS 2D,[N; + 2Dy + DN, > O(N, + 4D|Ny) AS
C:D —-05<¢$p<0 AS 4D\N((D; + |$] — 0.5) < —N,|d| AS
D:-05<¢<D; —05 AS 4D N1(D; + |d| — 0.5) > No(1 — 2Dy — |¢)) AS

AS always satisfied

4.2.3 Transformer Turns Ratio Consideration
and Extension of ZVS Range for S; and S,

With the control law in (4.9), the relationship between turns ratios and the two port
voltages can be obtained as,

1 :N2/Gmax +4D1maxN1/Gmax (4 10)
1= N2/Gmin +4DlminN1/Gmin '

where G, and G,x are the minimum and maximum value for voltage gain:
V, = V;, respectively. Also, Dy, and Dy, are the minimum and maximum value
for D,. Based on (4.10), the two turns ratios can be solved as,

Nl = (Gmax - Gmin)/(4Dlmax - 4Dlmin) (4 11)
N2 = (DlmaxGmin - DlminGmax)/(DlmaX - Dlmin)

As shown in (4.11), the two transformer turns ratios are determined by Dy, and
Dimax When the maximum and minimum voltage gain (Gp.x and Gp;,) of the
converter is predetermined. For the proposed converter, D; can be in the range of
[0, 0.5]. Since phase shift control is applied to the V; side full bridge, circulating
current for transformer 7| will exist if D; is less than 0.5. The duration of this
current circulating stage can be seen during [#4, #5] as shown in Fig. 4.2, leading to
high conduction loss. In addition, when D, = 0.5, with the proposed control, the
voltages applied to the two ports of the leakage inductance are ensured to be the
same except that the phases are shifted. This working condition is actually the
optimal operating point for DAB converters. Therefore, D, is designed to be 0.5.
As a result, the two turns ratios can be designed with a proper selection of Dy,
according to (4.11).

Meanwhile, Fig. 4.6a shows ZVS region under whole power transfer range for
different D,;,. The transferred power P is normalized by Py, = V%TS/ 16L;. In
Fig. 4.6a, D, = 0. When the power is positive, ZVS can be obtained almost in
full ranges except that when D; is close to zero. When the power transfer is
negative, ZVS region is limited. Figure 4.6b shows an example of changing the
minimum value of duty cycle to enlarge ZVS range, in which D, is increased
from O to a small value 0.05. As shown in Fig. 4.6b, ZVS in positive power flow
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can always be satisfied, and ZVS in negative power flow is enlarged also. This
implies that through proper design D, to determine the two turns ratios, ZVS
region of S and S, has the possibility to be enlarged. Because the design of two
transformers’ turns ratios is related to the detail specifications of the converter such
as input and output voltage ranges, the detail design will be given in the later
section.

4.3 Converter Characteristics with Proposed Control

4.3.1 Power Characteristics Under Proposed Control

The power expression of the converter can be calculated based on the power
transferred in a switching cycle, which is shown as,

Ie

P = /VDEis(l)d,/T5 (412>

Io

where f, and #¢ are the starting and ending time of the switching cycle, respectively,
also denoted in Fig. 4.4. According to Fig. 4.4 and the current expressions for the
four working patterns, the transferred power under proposed control can be
obtained as below,

_ 4Py [(4D1 9—2D? + D1 —49°)N| + (9—20%)N, ]
- N, +4D;N;
_ 4Pyaie[(2D? + D —4D | ®)N, + (9—20%)N,]

Py

Pp N> +4DiN, R (4 13)
o 2 N{(2D? +8D$*—D)) :
P _ 4Pba,c[(2D%74D1(p73D1 +4d, +4d + 1)N1 + (‘er 2¢2)N2]
D= N, +4D{N;
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where P,, Py, Pc and Pp, are the power functions for pattern A, pattern B, pattern C,
and pattern D, respectively. Then, based on the ® range for different patterns, the
power transfer of the converter with proposed control can be expressed as,

Py, 0<®<D,

PB, D1<¢<05

Pe, D —05<d<0
Pp, —05<d<D; —-0.5

P(®,D)) = (4.14)

The plot for (4.14) is shown in Fig. 4.7. For different D;, the maximum power
transfer changes. Also, for a particular D, P(®, D;) is similar to a sinusoid
waveform. To ensure that the power transfer is monotonously increased with the
increasing of @, @ should have both lower and upper limit in the whole operation
range. According to (4.13) and (4.14), the operation regions for the four working
patterns under different input voltages and different output power can be plotted in
Fig. 4.8. As seen in Fig. 4.8a, the converter mainly works in the regions of pattern
A and pattern C. Pattern B only occurs when D; is relatively small in positive power
flow. Pattern D occurs when D, is large under reverse power flow. When the
maximum voltage gain over minimum voltage gain is increased to 4 as shown in
Fig. 4.8b, the regions of pattern B and A become smaller, and the region of pattern
C becomes larger.

4.3.2 Implementation of the Proposed Control

The diagram for implementation of proposed control is shown in Fig. 4.9. Only one
voltage regulator is needed to control the V, side voltage. With this method, the two
power control variables are decoupled and can be easily obtained based on simple
calculation. Phase shift ratio @ is controlled through a PI regulator, and duty cycle
control signal is calculated with the sampling of two voltages according to the

Fig. 4.7 Power transfer 0.6
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D1:0
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-0.2
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control law shown in (4.9). Based on ® and D;, PWM unit generates the corre-
sponding driving signals according to Fig. 4.2. Unlike the other complex control
strategies to achieve wide ZVS range under wide voltage gain, this control is quite
simple and can be implemented easily with microcontroller.

4.4 Design Consideration and Comparison

In this section, a design example of the proposed converter with V; = 120-240 Vs,
V, =96 VI, and Poy =1 kWV{ is introduced. The maximum voltage gain
Gax = 96/120, and the minimum voltage gain G,;, = 96/240. The gain range of
the converter is wide as G, 1s twice of G,;,. A 50 kHz switching frequency is
adopted. In the DAB converter design, normally, it is the maximum power transfer
instead of voltage gain that matters more. Because the output voltage is fixed in the
design case, the converter will work as long as it can have the maximum power
transfer ability under the heaviest load. With a particular control, the maximum
power transfer of a DAB converter is inversely proportional to the leakage
inductance. Therefore, firstly, a leakage inductance can be properly designed to
obtain the maximum power transfer. Then, for the turns ratio of the transformer
design, the goal is aimed at both achieving wide ZVS range and reducing the
reactive current loss.
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4.4.1 Leakage Inductance Design

The leakage inductance provides a power link between V| and V>, and it should be
designed to allow the maximum power transfer. According to the power expression
in (4.14), the global maximum power transfer for all the ® and D, is shown as,

Prax = 0.42Pyye = 042V22TY/(16Lk) (415)

In practice, 80% margin is given to allow dynamic responses. Hence, the limit
for L; can be shown as,

Ly <0.23V3T,/(16L;) = 2.65 uH (4.16)

Therefore, L, is chosen as 2.6 pH.

Equation (4.16) sets up an upper limit to the leakage inductance for the maxi-
mum power transfer. One example for the leakage inductor RMS current and peak
current when the leakage inductance is smaller than the upper limit is shown in
Fig. 4.10. Figure 4.10a, b illustrates the RMS current and peak current of the leakage
inductor with different value. When V; changes from 140 to 240 V, both the peak
current and the RMS current will increase if the leakage inductance becomes smaller.
This means high turn-off current and high device RMS current, leading to a higher
rating for the device chosen and also higher conduction loss and turn-off loss. In
addition, the leakage inductance is also related to the converter dynamic response. In
theory, the converter would have faster response if the leakage inductance is lower. In
our design, the loss is considered to have a higher priority. Therefore, Lk is chosen
to be close to the upper boundary, which is 2.6 pH.

4.4.2 Turns Ratios

With the given specifications, G, = 96/240 and G,.x = 96/120. Substitution of
these values along with Dy, = 0.5 into (4.11) leads to,

Trus (A)

120 160 200 240 120 160 200 240
Vi(V) Vi(V)

Fig. 4.10 Leakage inductor current comparison when L; ¥ changes under rated load. a RMS
current. b Peak current
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Ny = 1/(5 — 10D min)
{N; =(2- 8D1mm§/ (5 — 10D 1min) (4.17)

According to (4.17), to ensure that Ny and N, are positive values, D1, should
be limited as: 0 < Djpin < 0.25. Besides, based on (4.17), if Dypin ¥ is deter-
mined, the value for both N, and N, can be directly solved from (4.17). Therefore,
the design of the two turns ratios can be simplified to find an optimal value for
Dy min ¥ which obtains wide ZVS range and low current-related loss.

In Fig. 4.11, RMS currents for the two transformers and the circulating current
of transformer 7T are compared for different D, at rated load condition. In
Fig. 4.11a, b, the primary currents for transformer 7; and 7, are illustrated,
respectively. As Dy, decreases from 0.2 to 0, T, primary current is decreasing and
T, primary current is increasing within whole input voltage ranges. If Dy,
becomes smaller, the circulating current of 7} will have less impact of the power
transfer because of the reduced total RMS current, which corresponds to Fig. 4.10c.
As shown in Fig. 4.11c, the RMS circulating currents is lower if Dy, becomes
smaller such as 0 and 0.05. Figure 4.11d shows the RMS current of secondary side.
The cases when Dy,;, > 0.1 are also not preferred, because the RMS currents are
much higher than the other cases when the input voltage is higher than 180 V. The
better cases to gain the minimum circulating current and lower RMS current for
secondary side should be around 0 or 0.05.

(a)
10 Dimin=0.2

)
~ 8 Dimin=0.15 ™ Dimin=0.05
< .

n=0.05_
4 D yyin=0 ",
120 160 200 240 120 160 200 240
(V) (V)
~(© (d)
<8 30
§ 6 28 Di1nin=0.2
= ~~
:1) 41 $ 26 D]min:O-1
% 2 ,_"% 24| Dyin=0.1 Dimin=0
= [ D1in=0.05
3 Dinia=0 22 Dymin=0.05
G 0 | | | | 20 1min .
120 160 2000240 120 160 200 240
Vl (V) Vl (V)

Fig. 4.11 RMS current under different Dy, value at rated load. a T} primary current. b T,
primary current. ¢ 7 circulating current. d Secondary current
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Meanwhile, as mentioned before in Sect. 4.2, ZVS region of S; and S, is related
to the value of Dy,;,. The cases for ZVS region under different Dy ,;, are shown in
Fig. 4.12. As shown, if D, is chosen to be slightly larger than 0, ZVS region can
be changed. Unlike the case when D ,;, = 0, ZVS under all the positive power flow
conditions can be achieved and ZVS region under reverse power flow is enlarged.
Therefore, the minimum duty cycle is designed as Dj;, = 0.05 to obtain wider
ZVS ranges and also smaller RMS current performance. Then according to (4.17),
the two turns ratios can be obtained as, Ny = 2/9 and N, = 4/11.

4.5 Comparison

4.5.1 Device RMS and Peak Current Comparison

The RMS currents and turn-off currents of all the devices are presented in Fig. 4.12
for dual-transformer-based DAB converter with proposed control and designed
turns ratios under rated load. Also, the comparisons have been made with a con-
ventional half-bridge DAB (CHDAB) converter consisting of a full-bridge at V;
side and a half bridge at V, side. The EPS control in [5] aimed at achieving wide
ZVS range is applied to the CHDAB converters, and the turns ratio is designed to
be 1:2/5 to make the optimal operating point to be V; = 120 V to make the voltage
matching occur at 120 V. The leakage inductance value is 2.6 pH.

As illustrated in Fig. 4.13a, RMS current of secondary side devices for CHDAB
converter will increase greatly as V| increases from 120 to 240 V. While the RMS
current of secondary side devices (Ss and S¢ denoted in Fig. 4.1) almost keep the
same for dual-bridge-based DAB converter. For the primary side devices, all the
four devices have the same RMS current value for CHDAB converter, while two
devices (S; and S,) have higher RMS current and the other two (S; and S,) have
lower RMS current for dual-transformer-based DAB converter. Therefore, in view
of the four switches total conduction loss in primary side, the latter one can have
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Fig. 4.13 Device RMS and turn-off current comparison under rated power (Po =1 kW).
a Device RMS current comparison. b Device turn-off current comparison

smaller losses especially when the input voltage becomes high. Figure 4.13b shows
the device turn-off current comparison of each device. For the secondary side
devices, the device turn-off current of the dual-transformer-based converter is lar-
ger. However, ZVS is lost for CHDAB converter when the input voltage is larger
than 160 V, because the current is zero and cannot charge/discharge the junction
capacitor to satisfy ZVS condition. The device turn-off current of S; and S, for
CHDAB converter is smaller than the dual-transformer-based DAB converter.
However, for the switches of S3 and Sy, the device turn-off current of the CHDAB
converter is more than twice larger than the one for dual-transformer-based DAB
converter.

4.5.2 ZVS Range Comparison

Figure 4.14a, b shows the ZVS region comparison of the secondary side devices.
For the dual-transformer-based converter, ZVS can be achieved for the switches
during the whole operating load and voltage ranges. However, for the CHDAB
converter, ZVS can only be achieved in a limited region. Figure 4.14c, d shows the
ZVS region comparison of switches S; and S,. In both the two figures, ZVS can be
achieved when the power flow is positive. When the power is negative, ZVS will be
lost in some operation regions. In view of the areas of ZVS region, the one for
dual-transformer-based converter is slightly smaller than the CHDAB converter. In

addition, full ZVS range for the leading leg (S; and S,) can be obtained for both two
topologies.

4.5.3 Transformer Size Comparison

The transferred power for the two transformers with different input voltage is shown
in Fig. 4.15. As seen, when the input voltage increases from 120 to 240 V, the
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Fig. 4.15 Power distribution
of the two transformers

Output power (P)
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power of transformer T, (Pr;) decreases, while the power of transformer T, (P7)
increases. Under the whole operation range, the maximum power for transformer 7,
is 935 W, and the maximum power for transformer 7' is 555 W. If the area product
(AP) method is used for selection of the core, the AP value of the converter is 50%
larger than conventional converter design.
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4.6 Experimental Verification

A laboratory prototype was built to verify the effectiveness of the
dual-transformer-based converter and proposed control. The specifications are the
same as in the last section. In addition, the capacitance for V; side is
Cy; = Ci3 = 20 pF, and the capacitance for V, side is Cp; = Cp; = 40 puF. The
established experimental prototype is shown in Fig. 4.16. The prototype includes
five parts: auxiliary power supply board, sampling board, control board, driver
board, and the main circuit. The controller TMS320F28335 from TI Company is
used to implement the control. The sampling rate of the control is the same as the
switching frequency 50 kHz. FDA38N30 from Fairchild is used for the primary
side devices, and FQA90ONI1S5 is used for the secondary side devices.

The experimental waveforms under rated power Po =1 kW are shown in
Fig. 4.17. vap and v, are the primary side voltages of the two transformers,
respectively, and vgg is the voltage generated by the half bridge in V, side. Is the
current of leakage inductance L;, whose polarity at switch turn-on instant deter-
mines the ZVS performance? As shown in Fig. 4.17a when V| = 120 V, v45 and
vac are both square waveforms, and D, is at its maximum value 0.5. With the
proposed control, the converter works at a condition exactly the same as the optimal
operating point for conventional DAB converters with SPS control. Consequently,
ZVS is easily achieved as seen from the polarity of the current at the moment when
the switches turn on. Lower conduction loss can also be obtained. Meanwhile,
when V| increases, such as 150, 180, and 210 V in Fig. 4.17b, ¢, d, respectively,
the duty cycle is gradually decreased to obtain the voltage second balance between
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Fig. 4.17 Experimental waveforms under 1 kW. a V; =120V, b V; =150V, ¢ V; =180V,

dV,=210V,eV, =240 V

the voltages at the two ports of the leakage inductance. Seen from the relationship
between the duty cycle and phase shift ratio in these cases, the converter works in
pattern A when V; = 150 and 180 V, and in pattern B when V| = 180 V. These
matches with the theoretical waveforms are shown in Fig. 4.4a. In addition, judging
from the current polarities of is at the turn-on instants, ZVS is achieved for all the

three cases. When V;

= 240 V as seen from Fig. 4.17e, D, is almost zero, therefore,

the two voltages applied to L, is almost the same with the case in Fig. 4.13a, which
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Fig. 4.18 Experimental waveforms under 200 W. a V; =120 V, b V; =150 V, ¢ V; = 180 V,
dV,=210V,eV,; =240V

explains why is similar for the two cases. At the two boundary input voltage values,
the converter can automatically shift the working mode to achieve low peak current
and circulating current.

Figure 4.18 shows the experimental waveforms at light load conditions
(Po = 200 W). As seen in Fig. 4.18a, d, the waveforms are also similar, and both of
them are working under the optimal operating condition when full ZVS ranges and
low conduction loss can be obtained. As for the cases when V; = 150 and 180 V,
the converter works in the region of pattern C, which matches with the theoretical
waveforms shown in Fig. 4.4c. Also, ZVS for the switches can be obtained judging
from the polarity of the current at each turn-on instant.

The soft switching experimental results for different input voltages under dif-
ferent loads are shown in Figs. 4.19 and 4.20. The switch drain-to-source voltage,
the switch gate voltage, and the leakage inductor current are captured for each
subfigure. As illustrated, ZVS can be achieved both at light load (200 W) and heavy
load (1 kW) under different input voltages.

The dynamic response of the converter under load changing is shown
in Fig. 4.21. When the load is changing from half load to full load, the voltage
recovery time under V; =120 V and V, =240 V is shorter than 6 ms. Under
V1 =180 V case, the recovery time is a bit longer, but it has lower overshoot
voltage. When the load is changing from full load to half load, the recovery time is
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also within 6 ms, which indicates a fast response. The voltage overshooting is also
acceptable for many industrial applications.

The efficiency curves of the converter with proposed control under different V;
voltages are plotted in Fig. 4.22. The efficiency has been compared to the CHDAB
converter. When V| = 120 V, the one with EPS control has similar efficiency with
the dual-transformer-based converter. However, when the voltage increases to 180
and 240 V, the efficiency of the converter with EPS control is lower than the
dual-transformer-based converter, especially at light load condition. Meanwhile, for
the dual-transformer-based converter with proposed control, even though the con-
verter has similar RMS current for each device, the efficiency with V| = 180 V is
higher, because it has lower transformer loss and turn-off loss.
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Fig. 4.22 Efficiency comparisons under different voltages

4.7 Conclusion

In this chapter, a control law has been proposed to achieve wide ZVS range for
dual-transformer-based DAB converters in wide voltage gain range applications.
The characteristics of the dual-transformer-based DAB converters with phase shift
control have been analyzed. Based on that, the duty ratio of one bridge can be fixed
as 0.5 without losing of ZVS capability. Therefore, half-bridge converter is used at
one side of the transformer to reduce the total switching numbers and eliminate one
control variable. With the proposed method, four switches of the converter can
achieve full range of ZVS. The other two switches can achieve full-range ZVS
under positive power flow, while slightly reduced ZVS region under reverse power
flow. The power transfer characteristics, ZVS performance, and turns ratios design
have been introduced in the chapter. A 1-kW prototype has been built up to verify
the effectiveness of the proposed control and the dual-transformer-based converter.
The results show that the studied converter with proposed control is an attractive
candidate for the applications requiring wide conversion gain range and bidirec-
tional power flow.
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Chapter 5 )
Blocking-Cap-Based DAB Converters ki

Abstract Blocking-cap-based dual active bridge (DAB) converter with wide voltage
conversion gain is studied in this chapter. The DC blocking capacitor, which is used
for avoiding the DC flux bias in the transformer of conventional DAB converter, is
utilized to achieve better performance under wide voltage gain range. By changing
PWM generating method under different voltage input, the converter can work in
half-bridge and full-bridge mode correspondingly with presented hybrid control. To
simplify the PWM generating method, the duty cycles of primary and secondary
bridges are fixed as 50%. The power transfer characteristics, ZVS region, and RMS
current are analyzed and are compared with the DAB converter using single-phase
shift (SPS) control. The theoretical analysis and conclusion of the converter with the
hybrid control are verified by experimental results from a 1 kW prototype.

Keywords Blocking-cap-based dual active bridge - Wide ZVS range
Wide voltage gain - Single-phase shift control

5.1 Topology of the Converter

The topology of blocking-cap-based DAB converter is shown in Fig. 5.1.
Compared with the conventional DAB converter, a DC blocking capacitor C,, is
added in series with the leakage inductance. This capacitor is not used as a res-
onated capacitor because the designed value is relatively larger in this case.
Actually, in practice, a DC blocking cap is also needed for the conventional DAB
converter to avoid the magnetic saturation of the transformer. As a result, in view of
the components used in the topology, the blocking-cap-based DAB converter does
not need any additional components compared with the conventional one.

5.2 Typical Waveforms of the Converter

The blocking-cap-based DAB converter is aimed at using the capacitor to simplify
the control and gain better performance at the same time. Therefore, the duty cycle
for the bridge in V, side is fixed as 0.5, while the PWM logic for the V| side is
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changing in response to different voltages. The converter can shift its working mode
under wide voltage range applications. When the input voltage is relatively low, the
converter works in full-bridge operation mode whose typical waveforms are shown
in Fig. 5.2. When the input voltage is relatively high, the converter will work in
half-bridge operating mode whose typical waveforms are shown in Fig. 5.3.

Figure 5.2 shows the waveforms under full-bridge mode. All the PWM switches
are turned on with 50% fixed duty cycle. The two high-frequency voltages applied
to the two ports of the transformer leakage inductor are also square waveforms with
fixed 50% duty cycle. The voltage across the DC blocking capacitor is away zero
under full-bridge operation mode. Actually, under this operation mode, the wave-
forms are the same as conventional SPS control [1-3].
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Fig. 5.3 Typical waveforms 4
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Figure 5.3 shows the waveforms under half-bridge mode. This mode should be
applied when the voltage is relatively high. Under this operating mode, switch Sy is
always on, and switch S; is always off. The full bridge in V; side generates the
high-frequency voltage v,z with a DC bias. Consequently, the blocking cap voltage
will exist to cancel that DC bias in order to make the voltage secondary applied to
the transformer to be zero. Because of the DC blocking capacitor, the real voltage
amplitude that is applied to the transformer will be reduced.

5.3 Working Stages of the Converter
5.3.1 Full-Bridge Operation Mode

The detail modes of full-bridge operation in a switching period from ¢, to fg are
shown in Fig. 5.4.

Stage 1 (o, ;) (Fig. 5.4a): Prior to #y, S¢ and S; are on, and Sy, S, S3, S4, S5, and
Sg are off. At 7y, S; and S, are turned on. During this stage, v4p is equal to Vi, and
vep 1s equal to —V,. The voltage of DC blocking capacitor is always zero. The
transformer current can be expressed as

e S R

where 1:N is the transformer turns ratio from V; side to V, side.
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Fig. 5.4 Working stages of full-bridge operation. a Stage 1. b Stage 2. ¢ Stage 3. d Stage 4.
e Stage 5. f Stage 6. g Stage 7. h Stage 8

Stage 2 (#1, t,) (Fig. 5.4b): At time ¢;, S¢ and S are turned off. The transformer
current starts to discharge the junction capacitor of S5 and Sg and to charge the
junction capacitor of S¢ and S;. When the drain—source voltage of S¢ and S; are
charged to V,, the drain—source voltage of S5 and Sg are zero, and the body diode
will be conducted to create ZVS turn-on condition for S5 and Ss in the next stage.
Because the leakage inductance is relatively large for DAB converters, the current
required to charge/discharge these drain—source capacitors is small and can be
neglected to simplify ZVS analysis. Hence, ZVS condition for S5 and Sg can be
obtained as

ip(11) >0 (5.2)
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Stage 3 (1,, t3) (Fig. 5.4c): Attime 7, S5 and Sg are turned on with ZVS if (5.2) is
satisfied. In this stage, v4p is equal to Vi, while v¢p is equal to V,. The current of
leakage inductor can be expressed as

{ip(t— 1) = ip(tz) + (vag — ven/N)(t — 1)/ L 53)

vap = Vi, vep = Va2

Stage 4 (3, t4) (Fig. 5.4d): At time 71, S; and S, are turned off. The transformer
current starts to discharge the junction capacitor of S, and S3 and to charge the
junction capacitor of S| and S,;. When the drain—source voltage of S, and S5 reach
zero, the body diode will be conducted to create ZVS turn-on condition for S, and
S; in the next stage. As a result, ZVS condition for S, and S3 can be obtained as

ip(t3) >0 (5.4)

The four stages for the other half switching period are shown in Fig. 5.4e, f.
Because the PWM signals are symmetrical during two half switching cycles, the
mode of operation is similar during the two half switching periods. Consequently,
only the current paths shown for the four stages are shown in Fig. 5.4, and they are
not discussed in detail.

5.3.2 Half-Bridge Operation Mode

When the converter is working in half-bridge mode, the stages in a switching period
from 1, to g are shown in Fig. 5.5. 7y, #, ... and tg are the switching time instant
denoted in Fig. 5.3.

Stage 1 (¢, t;) (Fig. 5.5a): Prior to 7y, S¢ and S; are on, and Sy, S, S3, S4, Ss, and
Sg are off. At #y, S; and S, are turned on. During this stage, v, is equal to V;, and
vep 1s equal to —V,. All these are the same with the Stage 1 under full-bridge
operation. However, the voltage across the DC blocking capacitor is V/2 instead of
zero. The transformer current can be expressed as
{ ip(t —t9) = ip(to) + (vap — Veap — ven/N)(t — t0) /Ly (5.5)
vap = Vi, vep = —Va, Veap = V1/2 '

Stage 2 (#1, t,) (Fig. 5.5b): At time #;, S¢ and S are turned off. The transformer
current starts to discharge the junction capacitor of S5 and Sg and to charge the
junction capacitor of S¢ and S;. When the drain—source voltage of Sq and S; are
charged to V>, the drain—source voltage of S5 and Sg are zero, and the body diode
will be conducted to create ZVS turn-on condition for S5 and S5 in the next stage. In
this stage, ZVS condition for S5 and Sg can be obtained as
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(&):tst7

Fig. 5.5 Half-bridge working mode. a Stage 1. b Stage 2. ¢ Stage 3. d Stage 4. e Stage 5. f Stage
6. g Stage 7. h Stage 8

ip(11) >0 (5.6)

Stage 3 (1, t3) (Fig. 5.5¢): At time #,, S5 and Sg are turned on with ZVS if (5.6) is
satisfied. In this stage, v4p is equal to Vy, while v¢p is equal to V,. The current of
leakage inductor can be expressed as
ip(l — l2) = ip(lz) + (VAB — Vcap — VCD/N)(I — lz)/Lk (5 7)

vag = Vi, vep = Va, Vep = V1/2 '

Stage 4 (13, t4) (Fig. 5.5d): At time f3, S; is turned off. The transformer current
starts to discharge the junction capacitor of S, and to charge the junction capacitor
of S;. When the drain—source voltage of S, reaches zero, the body diode will be
conducted to create ZVS turn-on condition for S, and Sj in the next stage. As a
result, ZVS condition for S, and S; can be obtained as
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ip(3) > 0 (5-8)

Stage 5 (t4, t5) (Fig. 5.5e): At time t4, S, is turned on with ZVS if (5.8) is
satisfied. During this stage, v, is equal to 0, and vcp is equal to V,. The rela-
tionship between the leakage inductor current and the voltages can be shown as
ip(t — l4) = ip(l4) + (VAB — Vcap - VCD/N)(I — t4)/Lk (5 9)

VAB = Oa vep = Va, Vcap = Vl/2 '

Stage 6 (ts, ;) (Fig. 5.5f): At time 75, S5 and Sg are turned off. The junction
capacitors of Sg and Sy are discharged, and the junction capacitors of S5 and Sg are
charged. When the drain—source voltage of Sg and S; reach zero, the body diodes
will be conducted to create ZVS turn-on condition for S¢ and S5 in the next stage.
As a result, ZVS condition for S¢ and S; can be obtained as

ip(ts) <0 (5.10)

Stage 7 (#6, t7) (Fig. 5.5g): At time #4, S¢ and S5 are turned on with ZVS if (5.10)
is satisfied. During this stage, v45 is equal to 0, and v¢p is equal to —V,. The
relationship between the leakage inductor current and the voltages can be shown as
ip(t —t6) = ip(t6) + (vap — Veap — vep/N)(t — t6) [ Li (5.11)
vap =0, vep = =V, Vegp = V1/2 '

Stage 8 (7, tg) (Fig. 5.5h): At time #;, S, is turned off. The transformer current
starts to discharge the junction capacitor of S; and to charge the junction capacitor
of S,. When the drain—source voltage of S; reaches zero, the body diode will be
conducted to create ZVS turn-on condition for S in the next stage. As a result, ZVS
condition for S; can be obtained as

ip(15) <0 (5.12)

5.4 ZVS Conditions of the Converter

Based on the working stages under different modes of operation, ZVS conditions
for all the switches under two working modes can be summarized as shown in
Table 5.1.

Because the current waveforms are symmetric during two half switching cycles,
the following relationship can be obtained
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Table 5.1 ZVS conditions for the two working modes

Working S; and S, S5 and Sy S5 and Sq S, and Sg
mode (ZNS) (ZNS) (ZNS) (ZNS)

Full bridge in(ty) <0 in(ty) >0 ip(t>) >0 ip(ts) < 0
Half bridge iy(to) < 0 - ip(t>) >0 ip(ts) > 0

{ip(to) = —iy(ta) (5.13)

ip(12) = i)

As a result, the conditions in Table 5.1 can be simplified as given in Table 5.2.

To analyze the ZVS region, the expressions of i,(zy) and i,(t,) need to be derived.
The expressions under full-bridge operation mode can be calculated based on the
equation in the working stage section.

The current values at the instants when switches are turned on are shown as
follows

ip(ts) = —ip(t0) = ip(t2) + (Vi — Va/N)(ts — 12) / L (5.14)

{ ip(2) = —ip(te) = ip(to) + (Vi + V2/N)(t2 — t0) / Lk
where 1y, t,, t4, and #4 are the switches’ turn-on instants denoted in Fig. 5.2.
In addition, for the transformer current, the DC current bias is zero. Therefore, it
can be obtained

7

1/T?/i,,(t)dt:0 (5.15)

fo

Combining (5.14) and (5.15), the expressions of i,(#,) and i,(t,) under full-bridge
working mode when ¢ > 0 can be shown as

. _ 7TX(NV17V2 +4V2(D)
{’p(to) = LN

. Ts(Vo—NV, + 4NV, ® (516)
ip(12) = %

Based on the same principle, the expressions of 7,(#,) and i,(,) under half-bridge
working mode when ¢ > 0 can be shown as

. TNV =2V, + 8V, @)
{ ip(to) = SLN

. T,(2V,—NV; + 4NV, ® (517)
lP(tZ): A2 8Lk1\4/r )

The expressions for the other cases when ¢ < 0 can also be obtained. Then,
combining the ZVS conditions shown in Table 5.2, the expressions for ZVS
achievement under different cases can be summarized in Table 5.3.
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Table 5.2 ZVS conditions for the two working modes
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Working mode

Switches in V; side

Switches in V, side

Full bridge

ip(t()) <0

ip(tz) >0

Half bridge

ip(to) < 0

ip(tz) >0

Table 5.3 Expressions for ZVS achievement

Working mode Switches in V; side Switches in V, side
®>0 Full bridge NV, =V, +4V,0 >0 Vo) — NV, +4NV,® > 0

Half bridge NV, =2V, +8V,® >0 2V, — NV +4NV,0 >0
<0 Full bridge NV =V, —4V,d >0 NV, =V, —4V,0 >0

Half bridge NV =2V, — 8V, >0 2V, — NVy — 4NV ® > 0

In addition, the transferred power can also be calculated according to the fol-

lowing expressions.

PO(Dl,(D) = Tl/ VAB([)iP([)dl

7

)
)

(5.18)

Substitution of the expressions for v45(f) and i,(¢) during each time interval can
lead to the power transfer expression under different working mode, which is shown

as

=]

v v v
=]
|

2NLx )

LVVOU-20) - Fy]l Bridge & ® > 0
= BVI20)  if Bridge & @ > 0 (5.19)
= LVVLE20) - Ryl Bridge & ® <0 |
— TVVAO1£20) e Bridge & B <0

5.5 Power Transfer Characteristic and ZVS Region

Comparison

5.5.1 Power Transfer Characteristic

In this section, the power transfer characteristics under different V| voltage are
analyzed. In Fig. 5.6, the characteristics for conventional SPS control are plotted.
The conventional SPS control is to operate the converter working in full-bridge
mode for all the voltages. In the plots, the transferred power is normalized by
Ppase = TsV2?/(4N2Ly), and the V, side voltage is changing from its minimum
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Fig. 5.6 Power transfer 1 V=15 pu
characteristics under different V=175 pu~ "\\1 =P
V, voltage for conventional / .
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normalized value 1 pu to its maximum normalized value 2 pu. The turns ratio N is
designed to make the unity voltage gain occur at the minimal point which is 1.0 pu.

As shown in Fig. 5.6, for a fixed V| voltage, the power transfer curve is similar
to a sinusoidal wave. In order to make the curve to be monotonously increasing/
decreasing, the phase shift ratio ¢ is limited within the range [—1/4, 1/4]. Also,
because the duty ratios for the two active bridges are fixed, the power transfer is
totally symmetric for the cases between ¢ > 0 and ¢ < 0. In addition, the output
power is zero when ¢ = 0. When V is increasing from 1 to 2 pu, the amplitude of
the power curve will increase linearly. The global maximum power transfer occurs
when V| =1 pu and ¢ = 1/4, and the normalized power value is PN _max = 0.5.

Comparatively, the power transfer characteristics under different V| voltage
combining full-bridge and half-bridge operation modes (hybrid control) are ana-
lyzed in Fig. 5.7. In these plots, the transferred power is normalized by the same
value: Ppae = T;V22/(4N?Ly), and the V, side voltage is also changing from its
minimum normalized value 1 pu to its maximum normalized value 2 pu. The unity
voltage gain operating point for full-bridge mode is set as 1 pu, and the unity
voltage gain operating point for half-bridge mode is set as 2 pu. Consequently, the
turns ratio N should be V,/V, ;.. In addition, the shifting point between full-bridge
and half-bridge mode is set as V| = 1.5 pu.

As shown in Fig. 5.7, for a given V|, the shape of the power curve is the same
under two different operation modes, while the amplitude is smaller compared with
the full-bridge mode. As V; exceeds 1.75 pu, the operation mode will change to
half-bridge mode. Consequently, the curve for V; > 1.75 pu will be reduced.
Meanwhile, to make a fair comparison with SPS, the leakage inductance under the
hybrid control is chosen to be smaller than the one for SPS control to make the
normalized power value also Py _ax = 0.5 for the global maximum power transfer
point. This point occurs when V| = 1.5 pu and ¢ = 1/4 as shown in Fig. 5.7.
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Fig. 5.7 Power transfer 1 = T~ =
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5.5.2 ZVS Region

ZVS region under different power transfer and different V; voltage can be obtained
based on the power expressions, and the limits for ZVS conditions are shown in
Table 5.3. The ZVS region for SPS control is illustrated in Fig. 5.8. The upper and
lower lines are the maximum power transfer limits under SPS control. The
non-ZVS region occurs in the middle part of the figure. Full ZVS range can be
obtained when V| = 1 pu as it is the designed voltage matching point. When the
voltage goes far away from this point, the non-ZVS region will become larger and
larger. As a result, the shape of the non-ZVS region is similar to a triangle. As seen,
this non-ZVS region occurs in most of the operating region.

In comparison, ZVS region under different power transfer and different V,
voltage using hybrid control is shown in Fig. 5.9. For the hybrid control, it has two
voltage matching points. One occurs at V| = 1 pu and the other one occurs at

Fig. 5.8 ZVS region for SPS 1
control Maximum power line ]
J—""'"—f”—'_
& 05 ZVS Region
>
2
£ 0 Non-ZVS Region
B
N
Tv .
g 05 ZVS Region T
z / -
Maximum power line

1 1.25 1.5 1.75 2
Vi (pu)
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Fig. 5.9 ZVS region 1
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Vi =2 pu. When V| is smaller than 1.5 pu, the converter works in full-bridge
mode. Otherwise, the converter will work in half-bridge mode. Consequently, when
Vi is changing from 1 to 1.5 pu, the non-ZVS region will increase, and the
non-ZVS region will decrease when V| changes from 1.5 to 2 pu. In view of the
area of non-ZVS region, the area under SPS control is larger than the one using
bridge control.

5.5.3 RMS Current Comparison

The RMS currents for a DAB converter using SPS control and hybrid control are
compared in this section. The parameters for the comparison section are listed as
follows: (a) minimal Vi, = 120 V (1 pu); (b) f; = 50 kHz; (¢) f; = 50 kHz;
(d) Ppase = 3.6 kW; (€) Ppase = 3.6 kW; (f) Prax = 1.8 kW; (g) Transformer leak-
age for SPS control: L, = 20 pH; (h) Transformer leakage for hybrid control:
LkH =15 HH

The RMS current at transformer secondary side (V, side) for SPS control and
hybrid control under different power transfer and different V; voltages is shown in
Fig. 5.10. Four cases when output power equals to 1/4, 1/6, 1/8, and 1/12 pu are
shown, respectively. When V| is lower than 1.5 pu, the RMS current under hybrid
control is slightly larger than the one with SPS control. This is because the leakage
inductance is relatively small for hybrid control. When V; is larger than 1.5 pu, the
converter will work under half-bridge mode with hybrid control. The voltage
matching point will shift to 2 pu. As V; increases from 1.5 pu, the converter under
SPS control goes far away from its voltage matching point (V; = 1 pu), and the
converter under hybrid control goes close to its voltage matching point (V; = 2 pu).
Therefore, the current under SPS control will continually increase, while the current
under hybrid control will decrease. Note that, under half-bridge mode, only two
switches are conducted with current and also with high-frequency turn on/off.
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Fig. 5.10 RMS current comparison between SPS control and the control combining full-bridge
and half-bridge mode (hybrid control)

Therefore, in view of the conduction loss in primary side, the one with hybrid
control can have much smaller conduction loss.

5.6 Experimental Results

A laboratory prototype was built to verify the effectiveness of the dual-transformer-
based converter and proposed control. The specifications are the same as these in
the RMS comparison section. In addition, DC blocking capacitor is 60 pH. The
rated output power is 1 kW, and V; side voltage is changing from 120 to 240 V.

5.6.1 Rated Load (1 kW)

In Fig. 5.11, the experimental results under rated load (1 kW) for SPS control and
Hybrid control when V| = 120 and 150 V are illustrated. Because the converter
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Fig. 5.11 Experimental waveforms (P, = 1 kW) for SPS control and hybrid control when
Vi <180 V. a 120 V, SPS control. b 120 V, hybrid control. ¢ 150 V, SPS control. d 150 V,
hybrid control

works in full-bridge mode when V| < 180 V under hybrid control, the working
stage is the same as SPS control. As a result, the waveforms are very similar for
these two cases. When V| = 120 V, the voltage matching point occurs for both SPS
control and hybrid control. The transformer leakage current is relatively low, and
the slope during the duration when v45 and v¢p are both high is almost zero. Under
this case, low RMS current can be obtained because of small reactive current. When
V; increases, the peak current will increase for both of the two control methods.
The experimental results under rated load (1 kW) for SPS control and hybrid
control when V; > 180 V are illustrated in Fig. 5.12. When V| reaches 180 V, the
transformer peak current i; will exceed 30 A under SPS control as shown in
Fig. 5.12a. In comparison, the transformer current is smaller under hybrid control
as shown in Fig. 5.12b, because the converter works at half-bridge mode. As V;
increases, the current stress will become larger and larger under SPS control, such
as the waveforms shown in Fig. 5.12c¢, e, while the current stress for hybrid control
will be reduced as V; increases. As shown in Fig. 5.12d, when V; increases to be
210 V, the voltage crossing the blocking capacitor is 105 V which makes the
transformer RMS current to be smaller than the case for V; = 180 V. When
Vi =240V, the current slope becomes zero again during the duration when vap
and v¢p are both high, which means another voltage matching point occurs under
hybrid control. Under this case, minimal current stress can be obtained. Note that,
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Fig. 5.12 Experimental waveforms (P, = 1 kW) for SPS control and hybrid control when
Vi > 180 V. a 180 V, SPS control. b 180 V, hybrid control. ¢ 210 V, SPS control. d 210 V,
hybrid control. e 240 V, SPS control. f 240 V hybrid control

the scale for the current value in Fig. 5.12f is 10 A/div, while the scale for the

current value in Fig. 5.12e is 25 A/div.

5.6.2 Light Load (270 W)

In Fig. 5.13, the experimental results are shown under light load P, = 270 W for
SPS control and hybrid control when V; < 180 V. Similar to the cases under rated
load, the waveforms for SPS control and hybrid control are similar. It is because the
converter works at full-bridge mode when V; < 180 V. Under this case, the voltage
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Fig. 5.13 Experimental waveforms (P, = 270 W) for SPS control and hybrid control when
Vi1 <180 V. a 120 V, SPS control. b 120 V, hybrid control. ¢ 150 V, SPS control. d 150 V,
hybrid control

induced across the DC blocking capacitor is zero, and thus the working stage is the
same as SPS control. Under light-load conditions, ZVS for the switches in V, side is
lost judging from the current polarities when the switches turn on as shown in
Fig. 5.13c, d. This is because ZVS range under light load will be reduced, which
matches with the ZVS region analysis plots shown in Figs. 5.8 and 5.9.

The experimental results under light load (270 W) for SPS control and hybrid
control when V; > 180 V are illustrated in Fig. 5.14. As seen from the voltage and
current waveforms, large reactive current exists for SPS control compared with the
results of hybrid control. For SPS control, ZVS for the secondary side switches
cannot be obtained when V| changes from 180 to 240 V judging from the trans-
former leakage current polarity at the instants when switches are turned on. In
contrary, when using hybrid control, the DC blocking capacitor will block the DC
bias which is half of the DC bus voltage. Judging from the current polarities under
hybrid control, ZVS for all the switches can be obtained. This indicates that the
ZVS range is enlarged with hybrid control, which matches the ZVS region analysis
shown in Figs. 5.8 and 5.9.
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Fig. 5.14 Experimental waveforms (P, =270 W) for SPS control and hybrid control when
V1> 180 V. a 180 V, SPS control. b 180 V, hybrid control. ¢ 210 V, SPS control. d 210 V,
hybrid control. e 240 V, SPS control. f 240 V hybrid control

5.7 Summary

The blocking-cap-based dual active bridge (DAB) converter is presented in this
chapter. In practice, a capacitor is usually series connected with the transformer
leakage inductance to avoid the DC flux bias of the high-frequency transformer. For
the presented converter, the DC blocking capacitor is not only limited to avoiding
flux bias, but also used to achieve the performance improvement under different
input voltages. With changing of the PWM for the switches in one bridge, the
converter can work in full-bridge mode when the voltage is relatively low and work
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in half-bridge mode when the voltage is high. The characteristics of DAB converter
with presented hybrid control are analyzed and made comparison with the converter
using conventional SPS control. It has been shown that the blocking-cap-based
DAB converter can achieve low wide ZVS range and low RMS current for the
switches. In addition, the converter has less total switching time when operating at
half-bridge mode. The theoretical analysis and conclusion of the converter with the
hybrid control are verified by experimental results from a 1 kW prototype.
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Chapter 6 M)
Three-Level Bidirectional DC-DC s
Converter with an Auxiliary Inductor

in Adaptive Working Mode

for Full-Operation Zero-Voltage

Switching

Abstract This chapter proposes a three-level bidirectional DC-DC converter with
an auxiliary inductor for full-operation zero-voltage switching (ZVS) in high-output
voltage applications. The auxiliary inductor is connected across the middle node of
the split flying capacitors and the center tap of the secondary winding in the
transformer. In this topology, the outer and inner switches in the three-level stage
can generate two independent 50% duty-cycle square waveforms, which is used to
control the current in the auxiliary inductor to extend ZVS range from no loads to
full loads condition. Considering the phase shift angle in three-level stage, the ZVS
range of the converter is analyzed, and the modulation trajectory to maintain the
full-operation ZVS range with low conduction loss is proposed. A flowchart
implementation can guarantee the seamless transfer in different working modes.
Then, the conduction loss in the proposed converter is compared with the previous
three-level bidirectional solution, which illustrates that the conduction loss in the
proposed converter only increases in light loads. Finally, the experimental results
verify the theoretical analyses and ZVS performance across the whole power and
voltage range, and the efficiency curves demonstrate the efficiency improvement.

Keywords Three-level - Dual active bridge - Auxiliary inductor
Zero-voltage switching

6.1 Three-Level Bidirectional DAB Converter
Full-Operation Zero-Voltage Switching

The voltage level in the DC microgrid has reached 600-800 V or higher. Si-based
MOSFETs in this voltage level have large turn-on resistance and output capaci-
tance, which causes large conduction loss and switching loss. IGBTs can meet this
voltage level, but it does not meet high-frequency requirement due to the
tail-current effect. SiC-based MOSFETSs can meet high switching frequency and
high-voltage applications, but the cost is still very high. To meet high-DC voltage
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applications with low cost, a three-level bidirectional DC-DC converter was pro-
posed [1], as shown in Fig. 6.1. The three-level structure has been extended to
current-fed bidirectional DC-DC converters [2]. By controlling the slew rate of the
current in the transformer, the conduction loss is reduced. By replacing some
switches with diodes, a semiactive rectifier is derived from the three-level structure
for high-voltage applications [3]. Splitting the flying capacitor into two
series-connected capacitors, the rectifier can achieve quadruple step-up voltage by
using phase shift control. By using split flying capacitors in the three-level stage,
the outer and inner switches can generate two 50% duty-cycle square waveforms
[4] in unidirectional DC-DC converters, which can reduce the circulating current.

In this chapter, a three-level bidirectional DC-DC converter with an auxiliary
inductor is presented for full-operation ZVS from no loads to full loads. The
auxiliary inductor is connected across the middle node of the split flying capacitors
in the three-level stage and the center tap of the secondary winding in the trans-
former. With this topology, the outer and inner switches can generate two inde-
pendent 50% duty-cycle square waveforms, which are used to control the current in
the auxiliary inductor.

Figure 6.2 shows the circuit of the three-level bidirectional DAB converter. Vi,
is the battery voltage, and V,, is the output voltage. On the battery side, the power
stage is a full bridge. To meet high output voltage, the output-side power stage is a
three-level structure. There are two series-connected windings in the secondary side
of the transformer. The turns ratio of the three windings N:N,:N5 is 2:n:n. The
auxiliary inductor is connected across the middle node of the split flying capacitors
and the center tap of the secondary winding. L, is the series inductor, and L, is the
auxiliary inductor for full-operation ZVS. C, and C,, are the split output filter
capacitors. The output filter capacitance is large enough to regard v, and vy, as

Three level structure

||+

(9
=

Fig. 6.1 Three-level bidirectional DC-DC converter
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Vat

||+

Fig. 6.2 Three-level bidirectional DAB converter with an auxiliary inductor

constant voltage sources. The power transmitted from the battery to the output is
defined as the forward power flow, and the power from the output to the battery is
defined as the reverse power flow.

Taking the forward power flow into consideration, the converter can work in
four modes, which are shown in Fig. 6.3. The gate signals for Q;—Qg are 50% duty
cycle. v4p is modulated by the phase shift angle between the two switching legs of
the full bridge, and D; is the effective duty cycle. T is the switching period. ¢, is
the phase shift between vz and vco, and ¢, is the phase shift angle between v 5
and vpp. The working stages in two halves of switching period are symmetrical.
One of the split output filter capacitors works in the half of the switching period,
and the other one works in the other half of the switching period. The output
voltage of the split output filter capacitors can be naturally balanced. Therefore, the
voltage across the output filter capacitors is V,/2. In the three-level stage, the phase
shift angle between v and vgp is very small. Otherwise, there is large current in
the auxiliary inductor. The converter cannot work normally. The full bridge in the
battery side must work in PWM in this case. The effective voltage amplitude in
the battery side of the full bridge is expressed as nVy,. It must be larger than
the voltage amplitude across vcp in the three-level stage in EPPS modulation,
which is expressed as V,/2. Therefore, the converter must meet the conditions:
anat > VO/ 2.

The boundary conditions of each mode are shown in Table 6.1. Because of the
symmetry of the working mode, the same conclusions for reversed power flow can
be drawn. ij, is assigned as the current component in winding N, interacted by
winding N;. i;5 is assigned as the current component in winding Nj interacted
by winding N. i3 is assigned as the current component in winding N3 interacted by
winding N,. Therefore, the winding current meets the following condition.
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iy = 2ix
i = iy — ins (6.1)
i3 = 13+ 123

Ignoring the dead time of the gate signals, there are four working stages for each
working mode in half of the switching period. To illustrate, the working stages in
Mode la are shown in Fig. 6.4.

Stage 1([t, t;]) (Fig. 6.4a): Prior to ty, Q, Q3, Qg, and Qg are on, and Q,, Qq,
Qs, and Q; are off. At 1y, Q3 is switched off and i; is negative. The junction
capacitor of Qq is discharged, and Q, is turned on with ZVS. iy, i,, and i3 start to
increase. Clamping diode D; is forward-biased. The energy stored in auxiliary
inductor discharges capacitor Cy, and charges capacitor C,,; until i; becomes
positive. When i, is positive, the body diode of Q5 is forward-biased. The currents
in each winding in this stage are expressed as

in(1) = i1 (10) + P72 (1 — 1)

inn(t) = in(t) + W(tfto) (6.2)
i13(t) = i13(t0) + nivb“;,éi;;"m (t—to)
i3 (1) = i3(to)

Stage 2([#1, t;]) (Fig. 6.4b): At 11, Qg is switched off and Q7 is turned on with
ZVS. When i3 becomes positive, i3 flows through the body diode of Qs. When i is
positive, clamping diode D, starts to become forward-biased in this stage. The
energy stored in auxiliary discharges capacitor C,; and charges capacitor Cyy,. The
current in each winding in this stage is expressed as

i(1) = i(n)+ 2 (t—n)

fa(t) = faln) + e 1 - ) (63)
h3(t) = iis(n) + nivm,;éi;;”m(tftl) .
ir3(t) = is(t) + 24‘1/214 (t—1)

Stage 3([1,, 13]) (Fig. 6.4c): At 1, Qg is switched off and Qs is turned on with
ZVS. In this stage, the power is transmitted from the battery to the output. i, still
discharges Cy; and charges capacitor C,. The voltage vy + Vesso 18 clamped to
the half of the output voltage C,; through D, and Qs. The current in each winding
in this stage is expressed as

ii(t) = ir(t2) + —V"“"LV,_”/(Z”) (t—1)
in(t) = in(k) + nivba;,éir_/zv"ﬂ (t—n) (6.4)

(
i (1) = ina () + B2 (1 — 1)
3
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Fig. 6.4 Topological stages
with half-switching period for (a)
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Stage 4([t5, 14]) (Fig. 6.4d): At t5, Q, is switched off, and i, starts to charge and
discharge the junction capacitor of Q; and Q,. When i; flows through the body
diode of Q,, Q, is turned on with ZVS. The status of the switches in the three-level
stage is the same as Stage 3. The current in each winding in this stage is expressed
as

in(t) = il(fs) — DO (¢ — 1)

in(t) = in(s) - nZZ{?z(t_h) (6.5)
i (1) = s () = 5 (1 = 1)
i3 (t) = ir3(13)

Based on (6.1)—(6.5), current iy, i5, and i3 at the time of %y, #;, t, and 3 can be
derived. The working stages in Mode 2a, Mode 3, and Mode 4 can be analyzed in
the same manner. Currents i, i», and i3 for different working modes at the time of 7,
t1, t, and f3 are also shown in appendix.

6.2 Key Feature and Modulation Scheme of the Converter

6.2.1 Voltage Balance of the Flying Capacitor

The key feature for three-level converter is that the voltage stress of the switches is
reduced to half of the DC-link voltage. Therefore, the challenge for the three-level
converter is how to maintain the voltage stress of the outer and inner switches. In
view of the modulation scheme, whether for conventional three-level DC-AC
inverter or three-level DC-DC converter [5—7], the outer switch should be turned off
earlier than the inner switch in order to clamp the voltage stress to be half of the
DC-link voltage. As seen the conventional three-level stage in Fig. 6.5a, when Qs
is turned off before Q is turned off, node M is clamped to the node D. The voltage
across Qs is equal to the voltage across capacitor C;;, which is half of the DC-link
voltage. As seen in Fig. 6.5b, when Qg and Qg are turned on, the voltage across
Qs still can be clamped to half of the DC-link voltage. The flying capacitor is
clamped to C,, through D; and Qg, and the voltage across the flying capacitor
maintains V,/2.

Figure 6.6 shows the equivalent circuit of the three-level stage in the proposed
converter. When Qs is turned off before Q5 is turned off, the equivalent circuit is
shown in Fig. 6.6a. vpp leads vcp, and iy flows out of node o. i, is larger than is.
Therefore, the energy stored in the L, will charge capacitor C,. The voltage
Vess1 + Vessa Will become larger than V/2, and D, will be reverse-biased. The
voltage stresses of the inner switches Q; and Qg will be larger than half of the
DC-link voltage, so the switches may be damaged. When Q- is turned off before Qs
is turned off, i.e., v¢p leads vop, the equivalent circuit is shown in Fig. 6.6a. In this
case, i, flows into node o. i3 is larger than i, so the energy stored in the auxiliary
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Fig. 6.5 Equivalent circuit in conventional three-level stage: a Qs, Qg, and Qg are turned off, and
Q7 is turned on. b Qs and Q5 are turned off, and Qg and Qg are turned on

—Cu

Fig. 6.6 Equivalent circuit in proposed three-level stage: a Qs is turned off before Q5 is turned off.
b Q; is turned off before Qs is turned off

inductor will discharge the capacitor Cy. The voltage vy + vege Will be less
than V,/2. In this case, the voltages of C, and Cyy, will be clamped by C,; through
D, and Qs. Therefore, the flying capacitor can maintain half of the DC-link voltage.
When Qg and Qg are switched on, the same conclusion can be drawn.

In above, the constraint for conventional three-level converters is not suitable for
the proposed three-level structure with auxiliary inductor. In order to keep the
voltage stress of the switches to be half of the DC-link voltage, vco should not lag
behind vop; i.e., @, should be no less than ¢,,.
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6.2.2 ZVS Analyses for Q;—Q4

Because of the symmetry in two halves of the switching period, the ZVS conditions
for Q; and Q, are the same, and the ZVS conditions for Q3 and Q, are also the
same. Therefore, the conditions for Q; and Q, are analyzed in half of the switching
period. The commutation during the dead time for Q; and Q, is shown in Fig. 6.7.
To achieve ZVS of Q; and Qg, i; should be negative and large enough, i.e.,
iy < —Izys, where Iy is the minimum current to charge and discharge the junction
capacitors of the switches during the dead time. Therefore, the ZVS constraint for
Q; and Qg is shown in Tables 6.2 and 6.3.

Considering the voltage-second balance of the primary and secondary windings
in the transformer, nV,,,D; should equal V? (1 — % + %) If the effective duty cycle
D, is designed as

D,

v, p
(.

= Dy, 6.6
2anat * ) * ( )

Y Y

Tables 6.2 and 6.3 can be rewritten to Tables 6.4 and 6.5.

(a) (b)
o &
P .
e By

o

Fig. 6.7 Commutation during the dead time for Q; and Q4: a Q;, b Q4

Table 6.2 ZVS conditions for Q; and Qu—Part A

Mode la Mode 2a
D, g b D, Py D, b
J-gsusuc) —4-Psu<-Pso
AN . Pu | P VoTs | VeaD1 T . VoaD1 T Q0 Pp\ VoTs
—i() =—| (= —70) —_ —ii(3) = — 7<D 7—“7—)—
for i) (n o P8, T AL, i1(ts) 4z, YT T n) 8L,
Qi < —Izys < —Izvs
ZVNS | . Pa_ Po ) VoTs  VeuD\ T . ( Pa %) Vols  VeaD:iTs
)= (2-Le_To_ D - n)=(14La_Do) o5
for i1 (1) ( T T ! 8nL, 4L, () + T n/ 8nL, 4L,
Q4 < —Izvs < —Izvs
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Table 6.3 ZVS conditions for Q; and Q;—Part B

Mode 3 Mode 4
1 D Qi O 1_D
“G-PT<e<e<E-T &S_G_&)m

ZNS . VoaD1 T Pa  Pp\ Vol .
— —_ — P — )= 11 a4 7))~
forQ, | 1) [ 4L, (D T T ) 8nL, () 2 8nl, 4L,
< — Izys < —Izvs
ZNS . Pp %) Voly  VeaD:1 T . ( P %) VoTs VoD T
)= D+ — )= (1+1¢_To) 25 "7 7%
for Q, () ( vt T ) s, T AL, () v T ) s, 4L
< —Izvs < —Izvs

Summarizing these two tables, as long as % > Izys, i.e., Dy > 4%;2%5, then
Q;—Qg4 in every mode can achieve ZVS. Therefore, D,, is selected as 4"‘;# in the
following analyses and prototype design.

6.2.3 ZVS Analyses for Qs—Qg

Because of the symmetry in two halves of the switching period, the ZVS conditions
for Qs and Qg are the same, and the ZVS conditions for Q; and Qg are also the
same. Therefore, the conditions for Qs and Q5 are analyzed in half of the switching
period. The commutation during the dead time for Qs and Q- is shown in Fig. 6.8.
To achieve ZVS of Qs and Q-, i, and i3 should be positive and large enough, i.e.,

ir > I;ys and i3 > IZVS The angle error between ¢, and @, is denoted as Aq.

Defining ¢, = ¢ — 5L and ¢, = (p+ , = (p“ﬂ”’ and Ap = ¢, — ¢,, the

ZN'S constraints for QS—Qg are shown in Tables 6.6 and 6.7.

To achieve ZVS for Qs and Q7 in all the operation modes, the following con-
ditions should be satisfied.

From Mode 1a in Table 6.6, if the phase shift angle ¢ is large enough, the ZVS
for Qs and Q is easy to achieve ZVS. When Ag = 0, the following condition
should be satisfied for the soft switching of Qs and Q:

(Vu - 2nvbat)Ts nVpa T 2(/)
8n2L, 4n2L,

> Izvs (6.7)

Rewriting (6.7), the phase shift angle ¢ should meet the following condition in
this case:

®> P (6.8)
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Table 6.5 Derived ZVS conditions for Q; and Q,—Part B

Mode 3 Mode 4
“G-NL=T<R<G-PL P (L_D1\7 <
T 2 -
1 D Py
<(=-Z)1, <2
<(3-2)ns
ZVS for . 20, VoTs  VeuDpTs i (1) = — Yululs « _
VoatDim Ts
< - harmls
< a, = A
ZVS for . _ 2(Pb VnTx VbaleTs il (tl) = *% < - IZVS
Q i) = (1 D=~ )SnL, 4L, '
VbaleTs
< IhatmTs g
< a, - ZVS
(a) (b)
—>
05 4
4_ e—
Ca

Fig. 6.8 Commutation during the dead time for Qs and Q;: a Qs, b Q7

where ¢,,] = % + (2 — ﬁ) 1 If 9>, and Ap >0, then Qs and Q; in
Mode la can achieve ZVS.

When ¢ < ¢,,;, the ZVS of Qs—Qg is obtained with the aid of auxiliary inductor
L,. As seen for Mode 1la in Table 6.6, the ZVS condition for Qs is expressed as

i3 (lz) =

(Vo - 2anat)Ts anath 2@ anath VDTS AQD > (6 9)
8n2L, 4L, 4L, ' 32L,) m TSV
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Table 6.6 ZVS conditions for Qs and Q for Mode 1a and Mode 2a

Mode la Mode 2a
I Dcucacl G- <%<GE-F=<2
7ZVS . (t ) B (V{, — 2anm)TS thstz_(p . ([ ) - (V,, — 2anat)Tv thatT.rz_(p
for | B\ =g weL, 7o | P TR 4L, 7
Q5 ana[Tx VoTs ﬂ 7 ana[TJ VuTs ﬂ >
4L, 32L,) @ - L, 3L,) m ~F°
7ZVS () = (Vy — 2nVia) T Vo T 2¢ i (to) = VoTs | VoI, Agp
for | U= L, |2 T 8w, T 3L w
Q; Voly _ nVeuTs\ A I _ WVoaDn T I
0L 4L ) n 2l aL, Slzvs

Rearranging (6.9), Ag is expressed as

A(/) Z # (610)

VoTy
4nL, + 32L,

(Vo - 2nvbat) TY nvbath 2@
ZVs 8n2L, 4n’L, ©

As seen for Mode 1a in Table 6.6, the ZVS condition for Q7 is expressed as

iz([l) =

(Va - 2anat)Ts nVa T 290 VoTs  nVpaTs AQD .y (6 11)
8n2L, a2L, n | \32L, 4n’L, ) m ~ 2\

Rearranging inequality (6.11), A is expressed as

s Vo = 2nVio )Ty  nVipa T2
A(PZ - (ZVS _( o bat) s bat s_@) (612)

oTs _ VoaTy 2 2
DL, L, 8n°L, 4L, m

If (6.12) is satisfied, then (6.13) is satisfied. Moreover, ;/2; — Z‘Q‘LT should be

greater than zero. Therefore, the auxiliary inductor should meet the following
condition.

nV,L,
L,<
¢ 8 Vbal

(6.13)

As seen in Table 6.6, the ZVS condition for Qs in Mode 2a is the same as that in
Mode la, so it is also expressed in (6.10).
The ZVS condition for Q; in Mode 2a is expressed as

. - VoTs VoTs AQD nvbatDst
ir (1) = 29 Nheans

> .
8L, ' 32L,) n 4L, 2 1zvs (6.14)

It is independent of ¢. Rearranging (6.14), A is expressed as
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Ap>Agp, (6.15)

3nl;
where Ag,, = i 2Ry

4Ly 16Lg
As seen in Table 6.7, the ZVS condition for Qs and Q- in Mode 3 is the same as
the condition for Q; in Mode 2a, which is expressed in (6.15).
As seen in Table 6.7, the ZVS condition for Qs in Mode 4 is the same as in
Mode 1la, which is expressed in (6.10).
The ZVS condition for Q; in Mode 4 is expressed as

iz(lo) > (Vo - 2anat)Ts nVeaTs 2¢ (VoTs anath) A(p

- @ 29> 6.16
8n2L, 4n2L, 7 2L,  4n’L, ) © — % (6.16)

Rewriting (6.16), A is expressed as

Ap > (6.17)

s (Vo - Zanat)Tx Vbath 2(/)
3sza + ‘2;;[5 ws 8n2L, 4nlL, ©

Above all, the ZVS condition for Qs—Qg can be synthesized to (6.12) in Mode
1a, (6.10) and (6.15) in Mode 2a, (6.15) in Mode 3, and (6.10) and (6.17) in Mode
4,

6.2.4 Modulation Trajectory

According to the ZVS conditions for Qs—Qg in different working modes, Fig. 6.9
shows the ZVS range of Qs—Qg for different voltage conversion ratios, where
L.=24pH, Ty=125ps, L,=12pH, n =15, I,,s,=1A, and V, =600 V.
The ZVS area is in the shadow region of the figures. As seen, with the increase of
the conversion ratio, the ZVS area becomes smaller. As seen in Fig. 6.5a, the
conversion ratio is 2, so the effective voltage amplitudes across the primary and
secondary windings of the transformer are the same. In this case, the converter only
loses ZVS in light loads. When the output voltage is constant and the battery
voltage increases, the conversion ratio decreases simultaneously. It is more difficult
for the converter to achieve ZVS when the battery voltage becomes higher.
Therefore, if the effective voltages across the primary and secondary windings of
the transformer do not coincide, the ZVS range will dramatically decrease.

With the help of the auxiliary inductor, the converter can maintain ZVS per-
formance within the whole power and voltage range. However, it may cause more
conduction loss. The modulation strategy for ZVS should be designed based on the
boundary of the ZVS range at the cost of low conduction loss. As seen in Fig. 6.9,
the coordinates of point E are (¢,2, Ag,,), where ¢, is equal to %. The
coordinates of point F are (¢,,1, 0). The line EF is expressed as
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Fig. 6.9 ZVS range and modulation trajectory for different voltage conversion ratios: a V,/
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The modulation trajectories are shown in the solid line in Fig. 6.9, which is
based on the boundary condition analyzed in Sect. 6.2.3. The control diagram is
shown in Fig. 6.10. The output voltage reference V,, . is compared with the output
voltage. The voltage error is the input of the voltage controller G,(s). The output of
the voltage controller is the phase shift angle ¢. The flowchart of the modulation
trajectory is shown in Fig. 6.11. According to the flowchart in Fig. 6.11, Dy, ¢,
and ¢, are calculated based on ¢. Finally, the PWM signals of Q;—Qjg are obtained.

Based on the flowchart of the modulation trajectory in Fig. 6.11, the output
power versus the phase shift angle ¢ in per unit (p.u.) for different conversion ratios
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Fig. 6.10 Control diagram of the converter
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Fig. 6.11 Flowchart of the modulation trajectory

is shown in Fig. 6.12. For different conversion ratios, the modulation trajectories
are seamless transfers in different operation modes. The output power increases
monotonically with the phase shift angle ¢, when —n/2 < ¢ < /2. In the pro-
posed modulation trajectory, the modulation trajectories for ¢, and ¢, for different
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conversion ratios are shown in Fig. 6.13. It illustrates that ¢, equals ¢, when the
phase angle is large enough. Otherwise, A is greater than zero for the ZVS of Qs—
Qg. As illustrated in Fig. 6.13, Ag equals Ag,, in Mode 3, Mode 4, Mode 2a, and
Mode 2b.

Within the whole load range, the proposed converter can achieve ZVS. Actually,
if A equals zero, the working modes in the proposed converter are the same as the
three-level bidirectional converter with EPPS, whose output power versus the phase
shift angle ¢ in per unit (p.u.) is shown in Fig. 6.14. The shadow area is the
hard-switching range. With the decrease of the voltage conversion ratios, it
becomes harder for the converter to achieve soft switching.

6.2.5 Conduction Loss Comparison

To study the conduction loss, the root-mean-square (RMS) of the current in the
transformer should be calculated. The RMS of i; reflects the conduction loss on the
battery side of the switches, and the RMS of i, and i3 reflects the conduction loss on
the output side of the switches. Therefore, the RMS current in the converter is
defined as

Ts Ts Ts

1|1 1 1
Ijvs = = T/i%(t) dr + —/i%(r) dr + —/ig(t) dt (6.19)
n

s TS Tx
0 0

With the help of MATLAB, the RMS currents in the converter for different
conversion ratios are shown in Fig. 6.15. The solid lines are the RMS current in the
proposed converter, and the dashed lines are the RMS current in the three-level
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Fig. 6.15 a RMS current of the proposed converter and three-level converter with EPPS;
b Zoom-in figure of the dashed box in Fig. 5.12a

converter shown in Fig. 6.1 with EPPS. Figure 6.15b is the zoom-in figure of the
dashed box in Fig. 6.15a. As seen, the conduction loss in the two converters is the
same under heavy loads. When the effective conversion ratio is 2, the three-level
converter with EPPS only loses ZVS status with light loads. To guarantee the ZVS
within whole power range, the proposed converter has more conduction loss.
However, the switching loss is the dominant losses with light loads, and the con-
duction loss does not have a strong impact on the efficiency in this case. Moreover,
the conduction loss with heavy loads in the proposed converter is the same as the
three-level converter with EPPS. Therefore, hard switching in the three-level
converter with EPPS may degrade the efficiency. With the decrease of the con-
version ratio, i.e., with the increase of the battery voltage for the constant output
voltage, it is much harder for the three-level converter with EPPS to achieve ZVS of
all the switches. According to the modulation trajectory, the proposed converter can
maintain ZVS of all the switches within the whole power range and over a wide
voltage range with low conduction loss, so the efficiency can be improved.

6.3 Experimental Verifications

A 1200 W experimental prototype with a 200-300 V battery voltage and 600 V
output voltage was built to verify the proposed converter. Figure 6.16 shows the
prototype used for test. The detailed specifications are shown in Table 6.8.
Figure 6.17 shows key waveforms for the forward power flow with light loads.
To achieve ZVS of all the switches with light loads, the current in the auxiliary
inductor should be used, and the angle error Ag is greater than zero. Figure 6.17a
shows the key waveforms when Vi, = 200 V and P, = 280 W. In this case, the
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Fig. 6.16 1.2 kW proposed converter

Table 6.8 Detailed
specifications

?Tery side full bridge :
\
= ‘aﬂsforme :
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Items Symbol Parameter
Battery voltage Viat 200-300 V
Output voltage Vo 600 V
Turns ratio of the n 1.5
transformers
Switching frequency fs (Ty) 80 kHz
(12.5 ps)
Primary switches Qi4 FQLA40N50
Secondary switches Qs_g FQLA40NS50
Clamping diodes Dy, D, DSEP12-12A
Series inductor L, 24 uH
auxiliary inductor L, 12 uH
Output filter capacitance Ca, Cip 10 pF
Flying capacitance Cys1, 4.7 uF
Css2

converter works in Mode 4. As seen in Fig. 6.17b, c, with the increase of the battery
voltage, D, is decreased. In these cases, the converter transits into Mode 3.

Figure 6.18 shows the key waveforms for the forward power flow with heavy
loads. In Fig. 6.18a, when the battery voltage is 200 V, the converter works in
Mode 1a for a 1200 W load and the angle error A¢ becomes zero. In Fig. 6.18b,
when the battery voltage increases to 240 V, the converter still works in Mode 1a.
The currents in the transformer are large enough for ZVS during the commutation,
so the angle error A is still zero. In Fig. 6.18c, when the input voltage is 280 V,
not all the switches can achieve ZVS for a conventional three-level converter with
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EPPS, so the angle error A¢ is greater than zero. As seen in Fig. 6.18c, the con-
verter works in Mode 2a in this case.

Figure 6.19 shows the key waveforms for the reverse power flow with light
loads. In Fig. 6.19a, the converter works in Mode 4. In Fig. 6.19b, the converter
works in Mode 2b. In Fig. 6.19c, the converter works in Mode 3. In these cases, A@
is greater than zero for the ZVS of Qs—Qg. The working modes in Fig. 6.19 are
nearly symmetrical with those in Fig. 6.17.

Figure 6.20 shows the key waveforms for the reverse power flow with heavy
loads. In Fig. 6.20a, the converter works in Mode 1b. The current in the transformer
is large enough to achieve the ZVS of all the switches, so Ag is equal to zero. In
Fig. 6.20b, the battery voltage is 240 V, and the power is —1000 W. The converter
works in Mode 1b, but A is greater than zero. As illustrated in Fig. 6.20c, with the
increase of the battery voltage, the phase angle is decreased and the converter
switches to Mode 2b.

Figure 6.21 shows the gate signal and drain—source voltage of switch Q;. In
different working states, i; is less than zero during this commutation, illustrating
that Q; works in ZVS in both forward and reverse power flows. Q, operates in the
same working mode in the other half of the switching period, so it also can achieve
ZVS.

Figure 6.22 shows the gate signal and drain—source voltage of switch Q3. Before
Qs is turned on, i, is greater than zero in different working modes, which highlights
the ZVS of Q5 in both forward and reverse power flows. Q4 operates in the same
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Fig. 6.22 Gate signal and drain—source voltage of switch Qz: a Vi, =200V, P, =280 W,
b Vi =280V, P, =280 W, ¢ Vp,, =280V, P, = 334 W

working mode in the other half of the switching period, so it is also easy to achieve
ZVS.

Figure 6.23 shows the gate signal and drain—source voltage of switch Qs. As
seen in different working states, before Qs is turned on, i3 has a large current to
charge and discharge the junction capacitors of Qg and Qs. Therefore, Qs can work
in ZVS in both forward and reverse power flows. Qg operates in the same working
mode in the other half of the switching period, so it is also easy to achieve ZVS.

Figure 6.24 shows the gate signal and drain—source voltage of switch Q. As
seen in different working states, i, has large enough value to charge and discharge
the junction capacitors of Qg and Q; before Q5 is turned on. It demonstrates the
ZVS performance for Q5 in both forward and reverse power flows. Qg operates in
the same working mode in the other half of the switching period, so it also achieves
ZVS.

The measured efficiency curves for the proposed converter and the conventional
three-level bidirectional converter shown in Fig. 6.1 with EPPS are illustrated in
Fig. 6.25. Figure 6.25a shows the efficiency curve for the 200 V battery voltage. In
this case, the effective conversion ratio is 2, while the slew rate of the current in the
transformer during the power transmission interval is zero. Therefore, the
three-level bidirectional converter with EPPS has a wide ZVS range. The converter
loses ZVS status only in light loads. The proposed converter can achieve
full-operation ZVS, so the efficiency in light loads is higher than that of the
three-level converter with EPPS. As seen in Fig. 6.25b and c, with the increase of
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the battery voltage, it becomes harder for the three-level converter with EPPS to
achieve ZVS of all the switches. However, the proposed converter still can maintain
high efficiency because of the ZVS performance within the whole power and
voltage range. Especially at the 280 V battery voltage and a 1200 W load, an
efficiency improvement of more than 1% is achieved.

The calculated loss distribution under rated load condition is shown in Fig. 6.26.
With increase of the battery voltage, the loss is increased. The conduction loss in
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Fig. 6.26 Calculated power
loss distribution under the 70
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the three-level stage and loss in the auxiliary inductor are only in a small portion.
Therefore, the loss caused by the auxiliary components is very low. However,
because of the ZVS of all the switching, the efficiency can be improved.

6.4 Conclusion

In this chapter, a three-level bidirectional DC-DC converter with an auxiliary
inductor is proposed. The converter is composed of a full bridge on the low-voltage
side and a three-level stage on the high-voltage side, linked with a transformer and a
series inductor. The flying capacitor in the three-level stage is split into two
series-connected capacitors. The auxiliary inductor is connected across the middle
node of the split flying capacitors and the center tap of the secondary winding of the
transformer. The outer and inner switches in the three-level stage can generate two
independent 50% square waveforms, which can be used to control the current in the
auxiliary inductor. According to the different working modes of the converter,
the ZVS range is analyzed, which is associated with not only the loads but also the
voltage conversion ratio. When the effective voltage conversion ratio is 2, the
converter only loses ZVS status under light loads. With the decrease of the con-
version ratio, the converter encounters difficulty for achieving ZVS. Therefore, the
current in the auxiliary inductor is used to maintain the ZVS within the whole
power and over a wide voltage range. To reduce the conduction loss in the auxiliary
inductor, the boundary condition of the ZVS range is used to design the modulation
trajectory. The flowchart of the modulation trajectory can guarantee the ZVS of all
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the switches with low conduction loss. Finally, the experimental results verified the
ZVS performance in the proposed converter. The efficiency curves demonstrate the
efficiency improvement for the conventional three-level bidirectional DC-DC
converter with EPPS.

Appendix

The currents 7y, i, and i3 at the time of #y, #,, f,, and #3 in Mode 1a are expressed as
follows:
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The currents iy, i, and i3 at the time of 7y, #;, t,, and #; in Mode 2a are expressed
as follows:
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The currents iy, i, and i3 at the time of ¢y, t;, #,, and 73 in Mode 3 are expressed

as follows:
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The currents iy, i,, and i3 at the time of #y, #;, #,, and #3 in Mode 4 are expressed
as follows:
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Chapter 7 )
A Current-Fed Dual Active Bridge pas
DC-DC Converter Using Dual PWM

Plus Double Phase Shifted Control

Abstract A double PWM plus double phase shifted (DPDPS) control is proposed
for current-fed dual active bridge (DAB) bidirectional DC-DC converters. With
which the circulating current during the non-power transfer stage can be minimized.
The mode analysis of the current-fed bidirectional DC-DC converter using the
proposed control strategy is given. The comparison concerning the peak current and
RMS current for transformer windings and switches is made by using the con-
ventional PWM plus phase shifted (PPS) control and the proposed DPDPS control.
The mode analysis of the proposed control strategy and comparison between PPS
control and the proposed control are given. With the proposed DPDPS control, the
converter has lower conduction loss, lower peak current, and higher efficiency.
A 1 kW prototype is built to verify the proposed topology employing the proposed
DPDPS control.

Keywords Bidirectional DC-DC converter - PWM - Phase shifted
Conduction loss

7.1 Introduction to Current-Fed Dual Active Bridge

Energy storage systems using ultracapacitors and batteries usually feed a DC bus
where the voltage has to be regulated. The voltage variation across the ultraca-
pacitor or battery depends on its depth of discharge that can reach one half the rated
voltage. This fact requires the existence of a power interface with a wide voltage
conversion ratio capability. By using conventional voltage-fed DAB, if the con-
version ratio varies too much, the inductor current slew rate during the power
transfer stage cannot be maintained to be zero, thus the inductor RMS current
cannot be optimized to be the minimum. For an energy storage system by using
conventional voltage-fed DAB, the current ripple is significant. Thus, it reduces the
lifetime of some energy storage devices [1].
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In the previous chapters, possible solutions which by adding additional switches
or transformers are introduced. From this chapter, another solution that using
current-fed DAB converters is introduced.

A novel current-fed DAB characterized by reducing one-side current ripple
dramatically was introduced in [2]. When the conversion ratio varies, the con-
duction loss during the power transfer stage may not be minimum. To deal with the
voltage ratio variation issue, a PWM plus phase shifted (PPS) control was proposed,
in which the low-voltage side (LVS) converter is PWM modulated while gate
signals for the high-voltage side (HVS) converter switches are fixed as 50%. Thus,
the active clamp voltage can be regulated according to the HVS voltage and the
turns ratio. Therefore, the current slop during the power transferring stage can be
maintained to be zero in facing the voltage conversion ratio variation [3—5]. Thus,
minimum conduction loss during the power transfer stage can be obtained.
However, for the non-power transfer stage, when LVS voltage is rather low, the
circulation loss is significant. Besides, the very high current spike generated in the
non-power transfer stage may damage power switches. This lowers the system
reliability. An additional inductor can be added in series with the transformer to
suppress the current spike, but the maximum transmitted power capability is limited
and the non-power transfer stage length increases. A three-phase current-fed DAB
can reduce the LVS current ripples significantly by interleaving technology [6]; it is
suited for large power applications.

In this chapter, a dual PWM plus double phase shifted control strategy is pro-
posed for current-fed DAB converter. With the proposed control strategy, the
conduction loss and the circulation current can be reduced significantly. The current
spike issue brought by the PPS control in facing the variation of the LVS voltage
can be avoided in the full load range even when the transformer leakage inductance
is designed to be pretty small. Besides, ZVS can be achieved well for LVS switches
and ZVS or zero-current switching (ZCS) can be obtained for HVS switches.

7.2 Mode Analysis with the Proposed Control Strategy

The proposed topology is shown in Fig. 7.1. In the HVS, a full-bridge inverter is
adopted. In the LVS, L, and L, are the DC inductors which can be treated as two
constant current sources. Q; and O, are the main switches with body diodes. O,
Cy1 and Q,,, C,, constitute the active clamp circuit. The AC inductor L, represents
the sum of the primary-referred transformer leakage inductance. In the HVS,
S| — S, are the main switches with body diodes.

To reduce the conduction loss during the power transfer stage, PPS control can
be used. As seen in Fig. 7.2, the clamp voltage is regulated to be the value V., which
is determined by the transformer turns ratios and the HVS voltage V,. This makes
the voltage imposed on the leakage inductance L, equal to zero. Thereby, the slew
rate of the leakage inductance current can be kept zero during the power transfer
stage within the range [(2d — 1)n, 7] and [2dn, 2n]. As shown in Fig. 7.2, when the
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Fig. 7.2 PPS control for the converter as shown in Fig. 7.1 in boost mode

instantaneous value of the voltage v, is zero, the range can be defined as circu-
lation stage in which no active power is transmitted between the LVS and the HVS.
It is worth noting, during the circulation stage, the leakage current is not zero.
Instead, it increases and decreases dramatically. When V; is low and the duty ratio
for LVS bottom switch is very large, the circulation stage length becomes longer.
During the circulation stage, the nonzero leakage current causes significant con-
duction loss for transformer windings and power switches. If V; varies widely, the
conversion efficiency is reduced especially when V; is rather low, and the system
reliability can even be affected due to the large current spike generated during the
circulation stage.
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Fig. 7.3 Steady-state waveforms of the DPDPS control in boost mode

To minimize the conduction loss during the circulation stage, for the HVS,
PWM control can be employed like the LVS with the same duty cycle. Thus, both
va, and v.; have the same shape but they are phase shifted according to the
transmitted power magnitude and direction requirement. To achieve soft switching
for the HVS switches, phase shifted gating sequence is used. The steady-state
waveform in boost mode during one complete period can be seen in Fig. 7.3.

As seen, the voltage v, leads v, during the circulation stage [63, 04], and the
leakage current drops to zero and stays at zero within the circulation stage range [0,
04] until the power transfer stage begins. Thus, during the circulation stage, the
conduction loss can be reduced. The detailed mode analysis can be described as
follows.

The typical working modes are shown in Fig. 7.4, which will be described as
follows

Stage 1 (Before 0p): Q1, Os4 S», and S5 conduct. During this stage, the power
flows from LVS (V;) to HVS (V).

Stage 2 (0y — 0)): At 0y, Q- is turned off. The difference between i, and i;,
charge/discharge the junction capacitors C,, and C,.
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Fig. 7.4 Steady-state waveforms of the DPDPS control in boost mode
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Fig. 7.4 (continued)
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Stage 3 (0; — 0,): Before 0;, when the voltage of C, reaches the clamp voltage
V., then the body diode of Q, begins to conduct. At 0, O, can be gated on at ZVS.

Stage 4 (0, — 03): At 0,, Sz is turned off, and the body diode of S5 becomes
forward-biased.

Stage 5 (0; — 04): At 03, Sy is turned on at ZCS, and the voltage of Cg; rises to
V, and the voltage of Cg; decays to zero. At the same time, the current i;, decays to
zero and remains at zero.

Stage 6 (04 — 0s): At 04, Q, is turned off. The difference of DC current and the
leakage inductance current charges C; and discharges C,.

Stage 7 (05 — 0g): Before 05, the voltage over the junction capacitor Cy,
decreases to zero. The body diode of Q,, therefore becomes forward-biased. At 05,
Q1. 1s gated on at ZVS.

Stage 8 (05 — 07): At 0¢, S, is turned off,and the current i, charges Cy, and
discharges Cyy, causing the body diode of S4 to conduct finally.

Stage 9 (6; — 03): At 0,, S,4 is turned on at ZVS.

Stage 10 (6g — 09): At Og, O, is turned off. The second half cycle similar to the
first half cycle begins. The difference between the current i;, and iy, charges and
discharges junction capacitors C;, and C; until the body diode of Q; begins to
conduct.

The steady-state waveform in boost mode during one complete period can be
seen in Fig. 7.5, and the corresponding working stages are shown in Fig. 7.6.

Stage 1 (Before 0p): Q1, Q>4 S», and S5 conduct. During this stage, the power
flows from HVS (V,) to LVS (V).

Stage 2 (0y — 0,): At 0, S5 is turned off, and the current i; charges and dis-
charges the junction capacitors Cs; and Css, respectively, until the body diode of S
begins to conduct current. Then S; can be gated on ZVS.

Stage 3 (6, — 0,): At 01, S; can be turned on with ZVS.

Stage 4 (0, — 05): At 05, O, is turned off, and the current of i;,» and i;, makes
C,, charged and C, discharged until the body diode of O, begins to conduct. Then,
the current iy, begins to decay to zero and remains at zero.

Stage 5 (03 — 0,): At 03, the switch Q> can be turned on with ZVS, and the
current iz, remains at zero.

Stage 6 (0, — 05): At 04, S» can be turned off at ZCS.

Stage 7 (05 — O¢): At Os, S| is turned on at ZCS. The current i;, increases in
reverse direction.

Stage 8 (05 — 0,): At 0g, Q) is turned off. The difference between of iy and i;,
charges C; and discharges C;, until the body diode of Q;, begins to conduct
current.

Stage 9 (0; — 0g): At 07, Oy, can be gated on at ZVS. The current ip,, flows
from source to drain at first, but flows from drain to source after i;; = i;,. During
this stage, the power flows from HVS (V) to LVS (V).

Stage 10 (0 — 6o): At 05, S is turned off, and the current charges the junction
capacitors Cy; and Cg, respectively, until the body diode of S3 begins to conduct.
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Fig. 7.5 Steady-state waveforms of the proposed DPDPS control in buck mode

7.3 Current Stress Comparison with PPS and DPDPS
Control

To illustrate the conduction loss reduction by using the proposed PPS control and
the proposed DPDPS control. Calculation comparison is made according to the
specifications as shown in Table 7.1.

Take boost mode operation as an example, based on the leakage current
waveform as shown in Fig. 7.2. The instantaneous value of the leakage current can
be expressed as follows

Ye(0=¢)

wL, (SBS )
0, (p<0<(2d—1)n)
i (0) = %, (2d— 1)< 0<(2d—1)n+¢) (7.1)
Lo (2d-1)m+¢<0<n
_iLr(e TE), ( S <2 )
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Fig. 7.6 Steady-state waveforms of the proposed DPDPS control in buck mode
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D,,

Fig. 7.6 (continued)
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Tab!e 7.1. Calculation Rated power P, 1000 W

specifications Voltage of HVS (V) 300 V
Voltage of LVS (V) 18-28 V
Switching frequency f 50 kHz
Inductance L;, L, 11 uH
Clamp capacitor Cyy, Cpp 30 puF
Turns ratio of T’ 2:10
Leakage inductance L, 1.4 pH

where duty cycle D, clamp voltage V., angular frequency and phase shifted angle
can be written by

N2V1 V1 N1 2n

, V.= :—V’ = — 7.2
NV, CT1-p NP YTT (7.2)

D=1
For the output power P,, the phase shifted angle can be obtained as

2
2V2(1-D) 2V2(1-D) 2V2P,
l wL, - wL, = noL, X Tch’

b= V2

C

(7.3)

The leakage inductance current i;,, RMS and peak values can be written by

2
i, (0)*d0
I rvs = Ly t0ran T (7.4)

o — Vc¢
UL peak L,

The LVS inductor current i, is given by

ooy T, T K10, 0 € (0,2nD)
sz(H){ I, +K2(0—2nD), 0¢€ (2nD,2n) (7.5)
where
P V.D(1-D)T
ILmin - 2VC(1—D) - 2L
P, V.D(1-D)T
[A—— (D) (7.6)

_ V(1-D)T _ _v.Dr
Kl - 2zL Kz— 2nL

The instantaneous value through the switch O, can be written by
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0)={ O+ 0, 0 02D) 27

The RMS and the peak values of the current iy, can be expressed as

2% ig2a(0)d0

o s goapeak = iQaa(2mD) (7.8)

Iprarms =

The instantaneous current in S; can be written by

0, 0€(0,9)
isi(0) = § —iie(0), 0€(d,n+¢) (7.9)
0, 0 ¢ (nt,2m)

The RMS and peak values of the current iy (0) can be obtained as

21 . 2
is1(0)°d0 V2N N,
Isirms = fOT = 7# Iprvss sy = ﬁl iLrp (7.10)
> >

7.3.1 Peak Current Analysis

Based on Egs. (7.1)—(7.10), the RMS and peak values of the leakage inductance
current iy, versus the LVS voltage V; in boost mode is illustrated in Fig. 7.7. As
seen, with the proposed DPDPS control, compared with the PPS control, the RMS
and peak values of the leakage inductance current can be reduced significantly with
the same load and LVS voltage.

The peak current in a power switch can affect the reliability. Figure 7.8a, b
shows the peak current of the LVS bottom switch Q; versus V; at light and heavy
loads. As seen, with PPS control, the bottom switch has to undergo very large peak
current especially when V| is very low. This leads to poor reliability. However,
using the proposed DPDPS control, with the same V; input and the same output
power, the peak current in the switch can be reduced dramatically. Since the bottom
MOSFET and top MOSFET for one leg of the LVS have the same Rds(on),
therefore the sum of RMS current square in one-leg switches is proportional to their
conduction loss. As seen in Fig. 7.8c, d, the proposed DPDPS can reduce the
conduction loss of the LVS switches especially when V| is very low.
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Fig. 7.7 Comparison of current i;, in boost mode: a i;,, RMS value at 200 W output; b i;, RMS
value at 1 kW output; ¢ iy, peak value at 200 W output; d iy, peak value at 1 kW output

7.3.2 RMS Current Analysis

Figure 7.9 shows the RMS and peak currents in HVS switches with PPS control
and the proposed control. As seen, in spite of the loads, the RMS current and peak
current can be reduced by using the proposed DPDPS control, as compared with the
PPS control. Obviously, the PPS control causes comparably high RMS and peak
currents, in particular, at low LVS side voltage conditions, while the proposed DPDPS
control can reduce the high RMS and peak current dramatically in this condition.

7.4 Implementation of the Control Strategy

The control block diagram is shown in Fig. 7.10. All the control part circled by the
dashed line is implemented by a DSP. The PWM control loop is designed to
regulate the clamp voltage V. according to V, and the turns ratio. For the phase shift
control loop, the outer loop is used to stabilize the HVS voltage V5, and the output
of the outer loop works as the reference for the inner current loop while the inner
current loop output is used to generate the phase shift between the LVS and HVS.
Since the duty ratio is determined by the PWM control loop, the HVS effective duty
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Fig. 7.8 Current comparison for LVS switches in boost mode: a peak current in bottom switch O,
at 200 W output; b peak current in Q; at 1 kW output; ¢ sum of RMS current square for LVS
one-leg switches at 200 W; d sum of RMS current square for LVS one-leg switches at 1 kW

cycle is identical with the LVS effective duty cycle, which can be seen in Figs. 7.3
and 7.5.

7.5 Experimental Results

7.5.1 Prototype

A 1 kW experimental prototype has been built in order to verify the effectiveness of
the current-fed bidirectional DC-DC converter with the proposed DPDPS.
Figure 7.11 gives the laboratory prototype picture.

The parameter specifications have been illustrated in Table 7.1. In addition, the
switch type for LVS switches (Q1—Q,) is IXFN360N15T2, and the switch type for
HVS switches (§1—-S4) is IXFB94N50P. The high-frequency transformer core is
EE70. The entire control of the system is implemented on a Texas Instruments
TMS320F28335 DSP.



7.5 Experimental Results 163

b
(a)5 ( )6
4
=~
D : N
NI e
22 =
1
Un % > ) % o 18 0 2z 4 6 F:]
Vi (V
v, (V) 1 (V)
d
(©), @,
15 t
_ ) == DPDPS
< = o= s
~— =
= o 10
P ———
5 -
18 20 2 4 26 3 N 20 n 24 26 28
Vi (V) Vi (V)

Fig. 7.9 Current comparison for HVS switches in boost mode: a S; RMS current at 200 W
output; b S RMS current at 1 kW output; ¢ S; peak current at 200 W output; d S; peak current at
1 kW output

T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
| Digital vV |
| . V AN |
Carrier wavefrom 1 * »

} PWM control loop r ! Vi W%a !
| Phase 2 |
| . ' |
| Vs / n n | T2 - I
| O Digtal L___~_ Qla :
| Pl % |
| f 0!
I Ve |
l_ ___________________________________________________________ |
:V Digtal Distal ¢ Phase-shift Vlrs :
ref igta igtal - >} |
il ey oSl iz e =SS
! V. iI" w3 |
2 T — v 2 Sl |
Phase shift control loop Phase-shift | 74, 3 !

| 2V IV, —-DT/2 2
| @V, 1V, =1) V,_l,4 D E s |
e e e 2 I

Fig. 7.10 Implementation of the proposed DPDPS control strategy



164 7 A Current-Fed Dual Active Bridge DC-DC Converter ...

Fig. 7.11 Prototype picture

7.5.2 Boost Mode Operation

Figure 7.12 gives the steady-state waveform in boost mode under light-load
(200 W) output with minimum and maximum input voltages. As seen, at the
minimum input voltage, the leakage inductance peak current is as high as 80 A. But
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Fig. 7.12 Experimental results with PPS and DPDPS control in boost mode at 200 W output:
a PPS control with V|, = 18 V; b DPDPS control with V; = 18 V; ¢ PPS control with V| = 28 V;
d DPDPS control with V; =28 V
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with the proposed DPDPS control, the peak current can be reduced dramatically to
no more than 10 A, which can be observed from Fig. 7.12a, b. Even though as the
input voltage increases, the peak current value decreases, but the peak current of the
leakage inductance is still higher than that with the DPDPS control. This can be
seen from Fig. 7.12c, d.

Figure 7.13 gives the experimental result at full load (1 kW) in boost mode with
the minimum and maximum input voltages. As seen from Fig. 7.13a, b, with the
minimum input voltage (18 V), with the PPS control, the leakage inductance peak
current is over 80 A. But with the proposed control, the leakage inductance peak
current is just over 25 A. As seen in Fig. 7.13c, d, with the maximum input voltage
(28 V), although the leakage inductance current differs not much, the circulation
loss can be minimized by the proposed control because it remains as zero during the
circulation stage.

Figure 7.14 gives the soft switching states for the switches at light load (200 W)
with 24 V input in boost mode. O, and Q, represent one leg of the LVS switches,
and their switching waveforms are shown in Fig. 7.14a, b. As seen, both Q; and
Q1. can achieve with ZVS turn-on. Figure 7.14c, d illustrates the switching
waveforms for HVS switches. As seen, the leading leg switch S; can achieve ZCS
turn-on while the lagging switch S, can achieve ZVS turn-on.

Figure 7.15 gives the soft switching states for the switches at full load (1 kW)
with 24 V input in boost mode. As shown in Fig. 7.15a, b, both O, and Q,, can be
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Fig. 7.13 Experimental results with PPS and DPDPS control in boost mode at 1000 W output:
a PPS control with V; = 18 V; b DPDPS control with V; = 18 V; ¢ PPS control with V; = 28 V;
d DPDPS control with V; =28 V
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turned on with ZVS. As seen in Fig. 7.15c, d, for the HVS switches, the leading leg
switch §; can achieve ZCS turn-on while the lagging switch S, can achieve ZVS
turn-on.

7.5.3 Buck Mode Operation

Figure 7.16 gives the steady-state waveform in buck mode under light load
(200 W) with minimum and maximum output voltages. As illustrated in Fig. 7.16a,
b, at the minimum output voltage, the peak value of the leakage inductance current
is higher than 80 A. But with the proposed control, the peak current can be reduced
dramatically to no more than 10 A. Even though as the output voltage increases, the
peak current value decreases with PPS control, but the peak current for the leakage
inductance is still higher than that with the DPDPS control. This comparison can be
seen from Fig. 7.16c¢, d.

Figure 7.17 gives the experimental result at full load (1 kW) in boost mode with
the minimum and maximum output voltages. As seen from Fig. 7.17a, b with the
minimum output voltage (18 V), using the PPS control, the peak current of the
leakage inductance is over 80 A. Comparatively, with the proposed DPDPS con-
trol, the peak current is just over 25 A. At the maximum output voltage (28 V),
although the leakage inductance current differs not much, the circulation loss can be
minimized by the proposed DPDPS control.
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Fig. 7.16 Experimental results with PPS and DPDPS control in buck mode at 200 W output:
a PPS control with V; = 18 V; b DPDPS control with V; = 18 V; ¢ PPS control with V; = 28 V;
d DPDPS control with V; =28 V
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Fig. 7.17 Experimental results with PPS and DPDPS control in buck mode at 1000 W output:
a PPS control with V| = 18 V; b DPDPS control with V| = 18 V; ¢ PPS control with V; = 28 V;
d DPDPS control with V; =28 V

Figure 7.18 illustrates the buck mode soft switching states for the switches at
light load (200 W) with 24 V output. As shown in Fig. 7.18a, b, the LVS switches
0O; and Q;, can achieve ZVS turn-on. Figure 7.18c, d illustrates the switching
waveforms for HVS switches. As seen, the leading leg switch S| can achieve ZVS
turn-on while lagging switch S, can be turned on with ZCS.

Figure 7.19 gives the soft switching states for the switches at full load (1 kW)
with 24 'V output in buck mode. As seen in Fig. 7.19a, b, both Q; and Q,, can be
gated on with ZVS. For the HVS switches, as shown in Fig. 7.19¢c, d, the leading
leg switch S| can be turned with ZVS turn-on while lagging switch S, can achieve
ZCS turn-on.

7.5.4 Operation Mode Transition and Efficiency
Comparison

Figure 7.20 illustrates the transition between the boost mode and buck mode with
the proposed control. As seen in Fig. 7.20a, if V, is higher than 300 V, the working
mode changes from boost mode to buck mode automatically. While, as shown in
Fig. 7.20b, if V, decreases to be lower than 300 V, the converter working mode will
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Fig. 7.21 Efficiency comparison at different Vi:a Vi =18 V;b V=24 V; ¢ V; =28 V

quickly change from buck mode to boost mode. As shown, the transition from
boost to buck or vice versa is very smooth by using the proposed DPDPS control.

Figure 7.21 shows the conversion efficiency comparison at different loads,
operation modes, and different LVS voltage V, using the PPS control and the
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proposed DPDPS control. As illustrated in the same working condition, the con-
version efficiency obtained by the proposed DPDPS control is higher than the PPS
control, particularly at lower LVS voltages.

7.6 Conclusion

The chapter proposes a dual PWM plus double phase shift control strategy for
current-fed dual active bridge bidirectional DC-DC converters. With the proposed
control strategy, the current stress in transformer windings and power switches
especially during the circulation stage can be suppressed significantly. Thereby, the
conduction loss can be reduced and the system reliability can be improved. Besides,
for LVS power switches, ZVS can be achieved for all switches within a wide load
range. For the HVS switches, in boost mode, ZCS can be achieved for leading leg
switches and ZVS can be achieved for lagging switches. However in buck mode,
leading leg switches can achieve ZVS and lagging leg switches can achieve ZCS.
Thereby, the conversion efficiency is higher than the PPS control especially when
V, is low. Besides, with the proposed DPDPS control, seamless transition between
buck and boost mode can be obtained. The validity of the proposed control strategy
and converter has been verified by experimental results of a 1 kW prototype.
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Chapter 8 )
High Efficiency Current-Fed Dual Active s
Bridge DC-DC Converter with ZVS
Achievement Throughout Full Range

of Load Using Optimized Switching

Patterns

Abstract For current-fed dual active bridge bidirectional DC-DC converters, all
the possible switching patterns are summarized in view of the combinations of both
side PWM duty cycles and phase shift angle. A control strategy is proposed for the
current-fed dual active bridge converter to operate with the optimized patterns. The
equivalent duty cycle of the secondary side is smaller than that of the primary side
by a fixed value, which is optimized based on the soft switching achievement and
the circulating current minimization. The closed-loop control is easy to be imple-
mented since there are only two independent variables, one-side duty cycle and the
phase shift angle. With the proposed control, zero-voltage switching (ZVS) can be
achieved for all power switches throughout full range of load even at no load
condition. The typical working modes with the proposed control are given. The
optimal design of the system parameters including the fixed time delta and dead
time is illustrated. The effectiveness of the proposed control is verified by the
experimental results of a 1 kW laboratory prototype.

Keywords Bidirectional DC-DC converter - PWM control -« ZVS
Battery charging/discharging - Circulation loss

8.1 Operation Principle of the Control

As discussed in the previous section, to adapt to the wide voltage conversion ratio
situations, a PWM plus phase shift control was proposed for current-fed dual active
bridge converter, in which the battery side is PWM modulated while duty cycles for
the high-voltage side (HVS) switches are fixed as 50%. Since the active clamp
voltage can be regulated based on the HVS voltage value and the turns ratio, the
current stress during the power transfer stage can be suppressed as the voltage
conversion ratio varies widely [1-3]. Although minimum conduction loss during
the power transfer stage can be obtained, for the non-power transfer stage, espe-
cially when the battery voltage is rather low, the current spike and circulation loss
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may be high, causing the reduction of the conversion efficiency and the system
reliability issues. Of course, the current stress can be suppressed by adding an
additional inductor in series connected with the transformer to increase the
equivalent leakage inductance value, but the maximum transferred power capability
is limited due to the large inductance value. Besides, the circulation stage length
increases and results in low conversion efficiency. PWM control can be also
employed for HVS switches to reduce the circulation loss [4—6]. To ensure ZVS for
HVS switches, unequal duty cycles for both side switches is a very good option
with unmatched voltage control [4]. But the current stress is relatively high due to
the unmatched voltage control. For voltage-matched control, identical duty cycle
control can achieve ZVS for all the power switches for current-fed semi-DAB
converter employing diodes with voltage match control; for current-fed DAB
composed of only fully control power devices, its effectiveness is unknown [5]. For
current-fed dual active bridge (DAB), the duty cycle relationship for both sides has
to vary according to the specific working conditions. This complicates the control
system design [6].

In this chapter, for current-fed DAB, all the possible switching patterns have
been illustrated and analyzed with voltage matching control. Based on the analysis,
optimized switching patterns are selected and employed in control.

8.1.1 Topology of the Current-Fed DAB and the Operating
Modes with Voltage Matching Control

Figure 8.1 illustrates the power circuit of the current-fed DAB. In the low-voltage
side (LVS), there are two interleaved buck/boost circuits in parallel connection. L;
and L, are DC inductors with the same inductance, and C, is the clamp capacitor.
The duty cycle D, of bottom switches makes the clamp voltage V. to be matched
with the secondary side voltage V,, which means the slew rate of leakage induc-
tance current during the main power transfer stage maintains zero in spite of the V,;
variation. The primary side voltage of the transformer is a three-level waveform

Dla DZa Dsl Dsz ‘l'z
=1l 5 =£1 =1l =5l |
a <t S S
Qdﬁf @ '—f . ﬂﬁﬁcﬂd Ca
L | G I Cou | L lir |
Ly il Y |y )\ %
P A Ly
il % ) T
T eltr et Ta

Fig. 8.1 Circuit of the current-fed bidirectional DC-DC converter
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employing the PWM control. The AC inductor L, represents the sum of the external
inductance and the high-frequency transformer leakage inductance. In the HVS, L,
is the secondary side magnetizing inductance. An inner phase shift is employed in
the full bridge, and the secondary side voltage of the transformer also becomes a
three-level waveform. So an equivalent duty cycle D, can be defined similarly as
the primary duty cycle D,. The output power P varies as phase shift angle ¢z
between primary side and secondary side varies. The power flow is bidirectional.
Boost mode is defined as the power flows from LVS to HVS, while the reversed
power flow is referred to as buck mode.

For the current-fed DAB, there are totally twelve patterns when the primary and
secondary side voltage waveforms are both three-level waveforms with voltage
matching control. However, not all of them are practical operation modes. The six
practical patterns shown in Fig. 8.2 are divided into two groups according to the
relationship between two-side duty cycles. Mode IA—VIA are the switching patterns
when D, > D, while Mode IB-VIB occur when D, < D;. In Fig. 8.2, v, is the
voltage of primary side, v, is the voltage of secondary side, and i;, is the leakage
inductance current. Mode I-III happen in boost mode at light load, medium load,
and heavy load, respectively, while Mode IV-VI happen in buck mode at the
aforementioned three kinds of loads, respectively.

However, ZVS for secondary side switches cannot be achieved in half of the
above modes. To achieve ZVS, there should be a reversed current to discharge the
parasitic junction capacitor before the switch turns on. The ZVS condition is
described as i;,(0,) > 0 and i;,(0,) > 0 when the magnetizing current and parasitic
junction output capacitance are neglected. As seen in Fig. 8.2, the conditions of
ir(0,) > 0 and i;,(0,) > O can be ensured for all the A modes. That means for D,
> Dg, ZVS can be achieved even at light load theoretically. However, when D,
< Dy, ZVS cannot be achieved at light load or medium load because the value of I,
is negative. Even at heavy load, ZVS cannot be ensured since I, might be negative
in some cases. As a result, it is better to let D, > D, for the ZVS achievement.

The six unpractical patterns Mode VII-XII are listed in Fig. 8.3, and the leakage
inductance current i;, during circulation stages is shown in shadow. As can be seen,
the circulating current is high in these modes, but the transferred power is limited.
In addition, for most of the DAB converters, the range of ¢ is limited within [—7/
2, m/2] to ensure that the output power P increases as ¢ is increased. However, the
output power P is constant in Mode VII and VIII regardless of the phase shift angle
variation and thus the power is out of control. In Mode IX-XII, the output power
P decreases as ¢ is increased, making the transferred power curve non-monotonic.
Hence, these patterns should be avoided in practice. Normally, ¢ is selected within
the range of [—n/2, m/2] so that power is a monotonously increasing function of the
phase shift angle.

To sum up, for Mode VII-XII, the transferred power does not increase as @g is
increased, and the circulating current is high. For Mode IB—VIB, the ZVS is lost for
HVS switches. Mode IA-VIA are the optimized patterns in which ZVS can be
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Fig. 8.2 (continued)

achieved for all switches with low circulation loss. In this chapter, a novel control
strategy is proposed to make the converter works in these optimized patterns.

8.1.2 Power Expressions of the Proposed Control

In this chapter, a PWM plus dual phase shift with fixed duty cycle delta control is
developed to make the converter operating in optimized patterns. The difference
between duty cycles of the two ports is fixed at any conditions, which is defined as
the fixed delta in this chapter. The closed-loop design is simple to be implemented
because the HVS equivalent duty cycle is determined by that of the LVS. The fixed
delta AD = D, — Dy is chosen to be a positive constant, so that ZVS of all the
switches in the HVS can be obtained in wide load range. With the proposed control,
the converter works in Mode IA—VIA. The unpractical modes and modes without
wide ZVS capability are avoided. All the possible working patterns are shown in
Fig. 8.2. Among them, the six unpractical working patterns are summarized in
Fig. 8.3.

The expressions of switching currents marked in Fig. 8.2 are listed in Table 8.1.
Applying these switching currents, the power expression of each mode can be
obtained as shown in Table 8.2, where ¢ is the phase shift angle, Ap = 2nAD is
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Table 8.1 Switching currents in each mode

VeTA _ V.T
I, = me,w I, = EnﬁE
IyZZVT‘[—'Z:“(pE‘_és) IZ:;%, (‘@E‘—fp)

the fixed delta, &, and & are the freewheeling intervals of v,;, and v, which are
denoted in Fig. 8.5. The three-dimensional (3D) power curve has been plotted
according to the power expressions in Table 8.2. Figure 8.4 illustrates output power
curve versus primary side duty cycle D, and phase shift angle ¢z with the proposed
control.
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Description Power expression
Mode VIA % [ZTCQ)E + 2@125 + 272 (Dz + Dg - D, — DS> + 7'(2]
Buck wh P
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Mode VA w1 |03 +27(2 = Dy — D)gp +7(Dy — D)
Buck 4
Medium load
Mode IA, IVA ﬂ An 1-D
Buck/Boost 4L [ a p)}
Light load
Mode TIA ver [ 2 2 2]
—@%+2n(2 — D, — Dy — = (D, — Dy
Boost L | TPk ( p )or (Dp )
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Fig. 8.4 P curve versus D, and ¢ when A = 0.1256

As seen, the converter with the proposed control can work in the expected Mode IA—
VIA in a wide battery voltage range (18-28 V, corresponding duty cycle range is 0.7—
0.53). The output power increases monotonously as the phase shift angle increases in
the range of —m/2 to /2. As shown in Fig. 8.4, Mode IITA may happen more often at
lighter load conditions at higher battery voltage than lower ones. Besides, the maxi-

mum output power is higher as well because of shorter freewheeling intervals.

8.1.3 Working Principle of the Proposed Switching Pattern

The proposed control shows better performance especially at light-load and
medium-load conditions. Mode ITA can be chosen as an example to illustrate the
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Fig. 8.5 Steady-state waveforms of the proposed control in Mode ITA

working principle of the converter with the proposed control at medium load in
boost mode. Detailed waveforms and mode analysis of Mode IIA are given to show
the operation principle. Figure 8.5 gives detailed steady-state waveforms of the
proposed control working at Mode IIA. There are nine working stages in a half
switching period according to the state of switches. In addition to the waveforms of
Vaps Vea» and iz,, the waveform of magnetizing current i ,,, is also shown. Besides,
¢ is the phase shift angle, &, and & are the freewheeling intervals, @ps; and @p
are the phase shift between 0y—0, and 04—0g, respectively. The fixed delta A is the
difference between @pg; and @p).

Among all the working stages, the stages that power is transferred to the
high-voltage DC bus are defined as power transfer stages. They have been shown in
shadow in Fig. 8.5. Other stages can be referred to as circulation stages.

The detailed mode analysis is shown in Fig. 8.6, and they are described as
follows.

Stage 1 (Before 6p): Q;, Qa4 So, and Sz conduct. During this stage, the power
flows from LVS to HVS.

Stage 2 (0,-0;): At Oy, Qa, turns off. The sum of iz, and iz, charges C,, and
discharges C, until the body diode of Q, begins to conduct. Then, Q, turns on withZVS.

Stage 3 (0,-0,): At 0, Q, turns on with ZVS.
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Stage 4 (0,—05): At 0,, S5 turns off after the current i;, flows in the opposite
direction. Cg3 is charged and Cj; is discharged until the body diode of S; begins to
conduct.

Stage 5 (65—0,): At 05, S; turns on under ZVS.

Stage 6 (0,—05): At 0,4, Q, turns off. The difference of iz, and i;, charges C, and
discharges C; until the body diode of Q, begins to conduct.

Stage 7 (0s5—0¢): At 05, Q, turns on with ZVS.

Stage 8 (045—0,): At 0, S, turns off. Then, the current i, charges Cs, and dis-
charges Cyy, causing the body diode of S, conduct finally.

Stage 9 (0,—-03): At 07, S, turns on under ZVS. The current ip, flows from
source to drain at first, but flows from drain to source after i;; = i;,. During this
stage, the power flows from LVS to HVS.

Stage 10 (0g—0o): At tg, Q, turns off. The second half cycle similar to the first
half cycle. The difference between the current i;, and i;; charges and discharges
junction capacitors of Q;, and Q until the body diode of Q; begins to conduct.

8.1.4 Discussion of the Circulating Current

The fixed delta value needs to be designed with a trade-off in view of the ZVS
achievement and circulation loss reduction. On one hand, the fixed delta should be
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designed with large value to discharge the output capacitor of the MOSFETS in the
HVS. On the other hand, large fixed delta causes higher circulation loss. The circu-
lating current is defined as the i; . in the non-power transfer stages as shown in Fig. 8.7.
The circulating current includes two parts in Mode ITA. One is the leakage inductance
current during the freewheeling intervals, and another is the non-active power stage
when power transfers. There is no active power transfer in both these two stages.

The resonant process during dead time interval is neglected to simplify the
analysis. According to the definition, the circulating current in Mode IIA can be
described as

. i, op =A@+ kn<O0<qp —3A@+ &, +kn
leirA = (81)
0, others

where k can be any arbitrary. The circulating current i ;.o in a half switching cycle
can be expressed as follows

0, 0<0<qp—1Ap

(0= 0r). op—5Ap <0<+ 1Ap

ieira (0)4 2300,  op+3Ap<0<E, (8.2)
vt BAp+0-¢,), & <0<pr 1A+,

) (PE_%A(P+fp<0<n

=)
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Then, its RMS value is written by

(8.3)

VT \/—3¢EA¢2 — Ag +4g +3A¢2,
Lira_rMs =

4L, 3n

Likewise, the circulating current and RMS value in Mode IIB can be written by,
respectively,

R 77 (pE—|—%A(p+kn<0<<pE—%A(p+§p+kn
lcirB = (84)
0, others

2 5d0 = (8.5)

cirB AnL
”

Lis_rms =

V.T \/—?)(/)EA(/)2 —2A@3 + 4¢3 + 3A¢%¢E,
3n

Figure 8.8 plots the RMS value of circulating current curve versus the LVS
voltage V; and delta Ag. The circulation loss is high at low LVS voltage because of
the large freewheeling intervals. As seen, when A¢ is too large or too small, the
circulating current is high. The circulation loss becomes minimum when A¢ = 0 in
spite of the LVS voltage. However, there should be a positive Ag to ensure ZVS for
HVS switches. So the fixed delta should be designed as small as possible as long as
ZVS can be obtained. Besides, a large fixed delta results in a large difference
between the primary side duty cycle D, and the secondary side equivalent duty
cycle Dg. Since Dg must be larger than 50%, the range of LVS voltage will be
limited. A small fixed delta also leads to a wide voltage range for the converter.

RMS of Circulating
current 1, (A)

0.15

0 oos O

-0.05

P/@ ) . Fixed delta A9 (rad)

Fig. 8.8 Circulating current with respect to V, and Ag
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8.2 Soft Switching Condition

ZVS can be achieved for all switches within whole load range with the proposed
control. For the battery side, the output capacitances of the switches are charged/
discharged by the difference between the DC inductance current i; and the leakage
inductance current i;,. ZVS can be achieved easily as long as the DC inductance
value is selected properly [6].

The key is to achieve ZVS for HVS switches. Just like most of the DAB
converters, soft switching can be achieved easily at heavy load, but it is difficult to
ensure ZVS at light load. With the proposed control, a bias current generated by the
given fixed delta AT helps to charge/discharge the junction capacitors of HVS
switches, and ZVS can be obtained even at no load. The resonant process and how
to design the fixed delta to ensure ZVS are discussed in detail in this section.

8.2.1 Resonant Process Analysis

At medium-load or light-load conditions, the bias current helps to charge/discharge
the output capacitances of the HVS switches. This resonant process is analyzed in
detail.

Take boost mode operation at medium load as an example, the resonant process
curve is zoomed in and plotted in Fig. 8.9. The working modes have already been
shown in 0,—05 in Fig. 8.6. It is assumed that the leading leg switch S5 turns off at ¢,
when the leakage inductance current i, = I; .o. The resonance begins at #,, and the
magnetizing current i ,, and iy, reflected to HVS charges Cy; and discharges Cg,;
until the leakage inductance current slew rate decays to zero. If the dead time is
chosen large enough, S; turns on under ZVS. In fact, i;, itself can be designed large
enough to discharge the parasitic output capacitance, and the magnetizing current
iLm 18 not necessary for the ZVS implementation. So the magnetizing inductance

Fig. 8.9 Expanded g_l |g_}

waveforms of the resonant
process in boost mode S,

T bps2
—--i bias E
i~
. l
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can be designed freely to derive an optimal transformer design with the lowest total
losses, making the transformer design easier.

This resonant process can be described by differential equations. The moment
when S; turns off can be defined as r = 0. The magnetizing current i; ,, can be
viewed constant and equal to maximum value iy ,,max in this resonant process. The
value of leakage inductance current when the resonant process is completed is
denoted as the bias current I,;,, and the resonance ends at time #,. The relationship
between i;, and the drain-to-source voltage v, of the switch S; can be written by

. Np . dvys
ILmmax T ﬁl iry= — 2Coss.eff ddl ! (86)
2
Nivas dir,
=1L, 8.7
N, dr ( )

where Co; o 1S the charge equivalent parasitic output capacitance of the MOSFETs
under the condition that v, = 0-300 V. ij max 1S the peak value of the magnetizing
current which can be written by i mmax = V2(1 — D,)T/2L,,. The initial conditions
for the differential equations are v (0) = V, and i7,(0) = I a.

The angle frequency of the resonant process can be expressed by

N 1
=L/ 8.8
@1 N2 2Coss.effLr ( )

Then, expressions of the resonant current and voltage can be written by,
respectively,

. . . 2Coss.ctf V3
i) = y B 10+ 2D

x sin(w; ¢+ arctan <(%—fimeax +ireA) 4 /W)) — x—fimeaX 89)

Vds1 ([) = \/V22 + (%_T iL,,,max + iL,A)Z ﬁ

Nl V2 2Coss,eff
NoiLmmax + NiiLea L,

X sin (wlt — arctan(

When v (f) = 0, the resonant process is completed. The resonant time duration
length ¢, and the bias current ;s can be obtained from (8.9), and they are expressed
as, respectively,

MV 2Co,x,x.sfl')
Noipymax + V11,4 Lr

Ir= (8.10)

N, : 2, 2CeeiiV? N,
Thias = \/(ﬁ? 1L, max +ILrA) + - z— VTZL,”maX

arctan(
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As seen, the both ¢, and the I,,;,, are affected with the initial current /; .o which is
determined by the fixed delta and operation mode. The bias current I,;,s increases as
I; .o is increased while 7, decreases with the increase of Ij .

The resonant processes in other cases are similar to this since the equivalent
resonant circuits are identical. In buck mode, the resonant process begins at
ir, = Ipias and ends at iy, = I} .; thus, the results shown in (8.10) are also suitable
for buck mode.

8.2.2 Soft Switching Condition

To achieve soft switching, the given fixed delta AT should be large enough to
ensure I .o > 0. Then if the dead time is selected properly, the HVS switches can
be turned on with ZVS. However, the relationships between AT and Ij o are not
same in different operation modes. In this section, the resonant processes of primary
side are neglected because of the low drain-to-source voltages and the large
switching currents.

As aforementioned, the fixed delta AT is the difference between 7,5 and #p.
According to Fig. 8.9, if the resonance in f,, is neglected, the fixed time delta
AT in boost mode can be expressed as,

I bias T I LrA

AT = tpsl - tps2 =L, Vc

(8.11)

The detailed resonant procedure in buck mode is illustrated (Fig. 8.10). It is
worth noting that #,,; and 7, are negative here. As can be seen, both 7, and .5,
include resonant process, which are different from those of the boost mode. When
the resonance in 7, is neglected, the fixed time delta AT can be written by

I ias I I
AT =ty — tpy = Lr% Tt (8.12)

As seen in (8.11) and (8.12), when the fixed time delta AT is identical, the bias
current in buck mode is less than that in boost mode. In other words, once the ZVS
condition is ensured for buck mode, the ZVS condition for boost mode can be
achieved absolutely. So the fixed delta AT should be designed large enough to
ensure /1o > 0in (8.12).

The dead time also should be selected properly to ensure ZVS. As shown in
Fig. 8.10, the dead time #4, should be large enough to make the switch turn on after
the resonant process is completed. On the other hand, 74, should be less than a value
to avoid the charging of HVS switch junction capacitors in reverse direction. In
summary, to achieve ZVS in spite of the working modes, the fixed time delta
AT and the dead time ¢4, for HVS can be designed as follows
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where I,;,s and ¢, are the bias current and the resonant time duration length when
I ;A = 0 as given in (8.10). The relationship among the boundary of AT and 74, the
magnetizing inductance L,,, and the leakage inductance L, is plotted in Fig. 8.11 in
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Fig. 8.11 ZVS condition for HVS. a Fixed time delta AT; b dead time ¢4,
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3D form when I; ;4 = 0 and Cyg o = 342 pF. Figure 8.11a indicates that ZVS can
be achieved as the fixed time delta is larger than the boundary value. Figure 8.11b
shows that the dead time of HVS switches must be selected between the two
boundaries in order to achieve ZVS.

If AT is large enough, ZVS of HVS MOSFETs can be obtained. However, as
AT increases, I, increases and conduction loss increases as well. Therefore, the
fixed delta should be designed as small as possible as long as ZVS can be achieved.

8.3 Experimental Results

8.3.1 Prototype and Specifications

A 1 kW experimental prototype has been built in order to verify the effectiveness of
the current-fed bidirectional DC-DC converter with the proposed control.
Figure 8.12 gives the laboratory prototype picture.

The parameter specifications are illustrated in Table 8.3. It must be pointed out
the DC bus is 300 V to supply the voltage for aviation static inverter which is used
to achieve integrated starter and generator function [6]. Besides, battery side
switches: IPTO1SN10ONS; HVS switches: FDASONS50, whose charge equivalent
output capacitance Co i 1S about 342 pF according to the datasheet. The sec-
ondary side magnetizing inductance L,, = 5 mH, and then the minimum i ;;,,.x can
be calculated to be 0.18 A. According to Fig. 8.11, the fixed time delta should be
selected as AT > 368 ns, and the dead time 74, should be selected around 250 ns.
For LVS, two parallel MOSFETs are used as a bottom switch, so the conduction
loss can be reduced. Besides, a planar transformer is used and the conversion
efficiency can be improved further. The entire control of the system is implemented
with a Texas Instruments TM320F28335 DSP.

8.3.2 Steady-State Operation

Figure 8.13 gives the steady-state waveforms with the proposed control under
different battery voltages and different loads. The waveforms at no load are shown

Tab!e 8.3' System v, 1828 V V, 300 V

specifications P L kW f 50 kHz
Ly, L, 11 pH C. 30 uF
L, 1.5 uH L, 1 mH
NN, 2:10 Coss.eft 342 pF

AT 400 ns ti 250 ns
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Fig. 8.12 Experimental prototype

in Fig. 8.13a, b. As seen, although the leakage inductance current in the power
transfer stage is zero, there is a bias current to help achieve ZVS for HVS switches.
The duty cycles are different with different battery voltages, but the delta between
primary and secondary side duty cycles is identical. This causes almost identical
bias currents. Figure 8.13c—f shows the waveforms at rated power 1 kW in boost
mode and buck mode, respectively. The primary side bias current is about 7A under
any conditions. ZVS can be achieved, and the circulation loss is low. Thus, the
proposed control strategy can adapt to the power flow direction and battery voltage
variation automatically.

8.3.3 Soft Switching Waveforms

All the switches can achieve ZVS in full-load range employing the proposed
control. Because the magnetizing current is minimum with the minimum LVS
voltage (18 V), ZVS can be ensured in the full-load range once ZVS can be
obtained with minimum LVS voltage. ZVS achievement for the HVS switches with
Vi =18 V at no load is illustrated in Fig. 8.14.

For all the power switches, under no load condition, they can achieve ZVS turn
on.

Figure 8.15 shows the ZVS achievement with the proposed control at 1 kW
output. Only the waveforms of upper switches are illustrated in Fig. 8.15 since the
upper and lower switches in each switching leg operate symmetrically. As shown,
ZVS can be achieved in both boost mode and buck mode at 1 kW output.
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Fig. 8.13 Steady-state operating waveforms with the proposed control: a at no load with
Vi =18 V; b at no load with V; = 28 V; ¢ at 1 kW output with V; = 18 V in boost mode; d at
1 kW output with V; = 28 V in boost mode; e at 1 kW output with V; = 18 V in buck mode; f at
1 kW output with V; = 28 V in buck mode

According to the aforementioned analysis, the fixed delta AT should be large
enough to ensure ZVS of HVS switches, and AT is selected to be 400 ns in the
experiment. Figure 8.16a illustrates the switching waveforms of secondary side
switch S, when AT = 300 ns. As shown, the bias current is about 4A in this case,
and the leakage inductance current reflected to secondary side is not large enough to
discharge the junction capacitor completely within the dead time, and the
MOSFETs turn on with hard switching. In contrast, ZVS can be obtained when
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Fig. 8.14 Experimental results of soft switching waveforms with the proposed control at no load
with V; = 18 V: a ZVS of S;; b ZVS of S,; ¢ ZVS of S3; d ZVS of S,

AT = 400 ns as shown in Fig. 8.16b. The experimental results agree well with the
theoretical analysis.

8.3.4 Dynamical Operation

Figure 8.17 illustrates the load-step experimental result from 250 to 750 W with
V1 =23 V in boost mode and the zoomed waveforms are shown on the right side.
In Fig. 8.17, V, and i, are the voltage and current of HVS, respectively. The
working mode switches from Mode IA to Mode IIA as the out power increases,
indicating that the working mode can be switched between different switching
patterns automatically. The output current i is increased from 0.83 to 2.5 A for the
load-step change. V, drops a little bit and returns to the steady-state value within
20 ms, meaning that the system has better dynamic performance employing the
proposed control.
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Fig. 8.15 Soft switching waveforms with the proposed control at 1 kW output with V; = 18 V:
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buck mode
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Fig. 8.18 Power stage conversion efficiency

8.3.5 Conversion Efficiency and Loss Breakdown Analysis

Figure 8.18 shows the power stage conversion efficiency at different loads and
different battery voltages using the proposed optimized control. The overall con-
version efficiency is high. At heavy loads, the conduction loss makes up the
majority of the total loss, so the efficiency at 28 V battery voltage is higher than that
at 18 V battery voltage. However, core losses of the DC inductors and the trans-
former dominate at light loads, so the efficiency at 28 V battery voltage is higher
than that at 18 V battery voltage. Figure 8.19 illustrates the loss breakdown anal-
ysis with different LVS voltages at 1 kW load. It is worth noting that control circuit
and driving loss are not included. The predicted loss is a little bit lower than
measured loss because of stray loss in the circuit like resistance of PCB layout lines
and connectors, ESR of capacitors. As seen, the switching loss is low due to ZVS



196 8 High Efficiency Current-Fed Dual Active Bridge DC-DC Converter ...

40
35
MOSFETs Switching Loss

§ 30 MOSFETs Conduction Loss
§ 25 DC Inductance Copper Loss
= 20 - # DC Inductance Core Loss
§ 15 4 = Leakage Inductance Copper Loss
QE §

® Leakage Inductance Core Loss
= Transformer Copper Loss

® Transformer Core Loss

(=
=

18 23 28
LVS Voltage (V)

Fig. 8.19 Loss breakdown with different LVS voltages at 1 kW rated power

achievement, and the conduction loss is also reduced significantly with the pro-
posed control. Copper losses are higher at low LVS voltage, while the core losses
are higher at high LVS voltage.

8.4 Conclusion

All the possible combinations of switching patterns employing voltage matching
control including practical and unpractical ones for current-fed DAB have been
studied extensively in this chapter. Among all the possibilities, optimized switching
patterns are proposed with which the equivalent duty cycle for the HVS bridge is
smaller than that of the battery side bridge with a constant delta regardless of the
power flow direction, load, and battery voltage variations. Thus, closed-loop control
is simplified and very easy to be implemented on line. The duty cycle delta is
optimized to obtain the minimum circulating current under conditions where ZVS
can be achieved for all switches. The key parameter design to achieve ZVS was
addressed in detail in this chapter. With the proposed modulation, ZVS can be
achieved for all switches throughout the full range of load in spite of the variation of
operation mode and the battery voltage with reduced circulating current. Thus, the
overall conversion efficiency is high. Besides, the converter has very good dynamic
performance employing the proposed control. Experimental results from a 1 kW
prototype have verified the theoretical analysis and the effectiveness of the proposed
switching pattern.
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Chapter 9 M)
A ZVS Bidirectional Three-Level Eechie
DC-DC Converter with Direct Current

Slew Rate Control of Leakage

Inductance Current

Abstract A high-frequency isolated bidirectional three-level DC-DC converter is
proposed for high-voltage applications. Direct current slew rate (DCSR) control of
leakage inductance is proposed to minimize conduction loss and current stress in
facing the load variation, the mismatch of turns ratio and circuit parasitic param-
eters. The mode analysis and the disadvantages of conventional PWM plus phase
shift (PPS) control are addressed while these disadvantages can be dealt with the
proposed control. Comprehensive comparison between conventional PPS control
and the proposed DCSR control are made within the designed low-voltage side
(LVS) voltage range. Besides, the implementation of the proposed DCSR control is
also given. With the proposed DCSR control, lower conduction loss, lower peak
current, lower voltage spike over switches can be obtained in spite of the turns ratio
mismatch, load variation, and system parasitic parameters. Zero-voltage switching
(ZVS) can be achieved for all power switches in spite of the power flow direction.
The effectiveness of the proposed DCSR control on the proposed topology is
verified by simulation and experimental results.

Keywords DC-DC converter - Bidirectional - Three-level

9.1 Introduction to Current-Fed Three-Level DAB
Converter

In some applications, one side of the bidirectional DC-DC converter is high
voltage. IGBTs can be used to undergo the voltage stress of the high-voltage side
(HVS) [1].

However, the switching frequency of IGBTs is recommended to be used for
situations where the switching frequency is no more than 20 kHz. This reduces the
power density, and the cost may be increased. Comparatively, MOSFETSs can be
switched at higher frequency, but their voltage rating is limited. Besides, with the
increase of the voltage rating of a MOSFET, its on-state resistor Rds(on) increases
dramatically. For example, a high-voltage rating MOSFET such as 900 V level, its
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on-state resistance Rds(on) can exceed 1Q, which reduces the system conversion
efficiency and reliability. While, with the decrease of voltage rating, Rds(on) will
drop significantly which could improve the efficiency and save the cost. To use
low-voltage rating MOSFETs in high-input-voltage situations, two half-bridge con-
verters can be series connected in the HVS [2], but sensing the HVS individual voltages
has to be done in order to achieve active voltage balance. The three-level DC-DC
converter has been widely used for unidirectional power flow applications [3, 4].
Besides, it can also be used for non-isolated bidirectional applications [5, 6]. In many
applications, the galvanic isolation is needed due to safety considerations, but the
galvanic isolation is seldom used for three-level bidirectional power flow situations.

PWM plus phase shift (PPS) control [7, 8] is used for current-fed DAB to make
the magnitudes of active clamp voltage and the voltage-fed voltage match. Thus,
conduction loss can be reduced when input-/output-side voltages vary because the
active clamp voltage reference is determined by the HVS voltage and the trans-
former turns ratio.

Actually, during power transfer period of the dual active bridge (DAB), the slew
rate of the leakage inductance current is controlled indirectly in the literature. With
the development of the processing speed of DSP, it is feasible to implement the
direct control of the leakage inductance current during power transfer period. In this
chapter, a three-level current-fed DAB is presented for high-voltage applications.

9.2 Proposed Bidirectional DC-DC Converter

The proposed topology is shown in Fig. 9.1. In the HVS, a three-level half-bridge
topology is used to reduce the voltage stress of power switches. L, and L, are the
LVS inductors. Q; and Q, are the main switches. Q,, C4 and Q,,, C; constitute
the clamp circuit to achieve ZVS of Q; and Q,_ respectively. L, is the transformer
leakage inductance. In the HVS, S;-S, are the main switches. D, D, and C, are
clamping diodes and the clamping capacitor to achieve voltage balance for main
switches, respectively. C; and C, are the HVS capacitors to divide HVS voltage.

aff gHY  seHe ¢

0. 0O, = |+
L i2 a 1 i L, TSzﬁH"C CC2

L2 oL 52
e g C =
+ .
ALl % g Td OVz
- D,
ii n Q2 Ql Cd A =-|.I/c S;%CS 2 : é = | _
. I/I Prcjﬁ ij S4 T 54 ’

Fig. 9.1 Circuit of proposed topology
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There are two operation modes including buck mode (power flows from HVS to
LVS) and boost mode (power flows from LVS to HVS). Figure 9.2 gives the
various stages (0p—0,6) of the circuit operation during one switching period in the
boost mode and buck mode. For simplicity of analysis, all the devices are regarded
as ideal.

In a switching period of the boost mode, there are sixteen working stages.
Among all the working stages, some stages can be defined as current circulating
stages in which power is not transmitted between the LVS and HVS. For example,
during the range of 6,—0g or 09—0,4, the average power transmitted between LVS
and HVS is zero. Other stages can be defined as power transfer stages in which both
the AC voltage v,, and AC voltage v., have the same polarity. During one
switching cycle, the power transfer stages are 04—y and 0;4—0;7.

The equivalent circuits of all working stages are shown in Fig. 9.3, which is
described as follows:

Stage 1 (Before 0p): Oy, Q1a, S5, and S4 conduct. During this stage, the power
flows from LVS (V;) to HVS (V,).

Stage 2 (0,—0)): At 0y, Qy, is turned off. C;, Cy, and L, begin to resonate,
making C;, charged and C; discharged.

Stage 3 (0,-0,): At 0y, the voltage of C, attempts to overshoot to clamp voltage
C41- The body diode of Q; is therefore forward-biased, and the drain-source voltage
of Oy, is clamped effectively by the clamp capacitance C,;. During this stage, O
can be gated on at ZVS.

Stage 4 (0,—03): At 0,, Q5 is turned off. C,, C5, and L, begin to resonate, making
C, charged and C,, discharged.
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Fig. 9.2 Steady-state waveforms of the proposed converter
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Fig. 9.3 (continued)
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T

Fig. 9.3 (continued)

Stage 5 (05—0,): At 0, the voltage of C,, attempts to overshoot to active clamp
voltage V.. The body diode of Q,, is therefore forward-biased, and the drain-source
voltage of O, is clamped effectively by the clamping capacitance C,,. In this stage,
Qy., can be gated on at ZVS.

Stage 6 (04—0s): At 04, S4 is turned off. Cg4, Cs;, and L, begin to resonate via C,,
making Cg,4 charged and Cyg; discharged.

Stage 7 (0s5—0g): At Os, the voltage of Cgy rises to V,/2 and the voltage of Cg;
decays to zero. At the same time, D, conducts naturally and V., = 0. During this
period, the voltage of Cg; is clamped to zero, so S; can be gated on at ZVS.

Stage 8 (0s—0;): At 0, S5 is turned off. Cs3, Cs,, and L, begin to resonate via C,.,
making Cg; charged and Cs, discharged.

Stage 9 (0,-0g): At 05, the voltage of Cg; rises to V,/2 and the voltage of Cg,
decays to zero. At the same time, the body diode of S, is therefore forward-biased
and V., = V2. During this period, the voltage of Cj; is clamped to zero, so S, can
be gated on at ZVS. At 0g, Q,, is turned off, and the second half cycle (6g—0¢) is
similar to the first half cycle.

9.3 Comparison of PPS and DCSR Controls

9.3.1 Physical Turns Ratio Mismatch Considerations

The control block diagram of the PPS control is shown in Fig. 9.3a. For the active
clamp voltage control loop, the control target is to stabilize the active clamp voltage
according to the HVS voltage and the turns ratio. The equivalent circuit with
conventional PPS control for ideal circuit is shown in Fig. 9.4b. Variable duty cycle
obtained by the active clamp voltage PWM control loop acts as an electronic
transformer between V; and V.. According to KVL, during the power transfer stage,
one can obtain
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L~ =Ve—3x " (9.1)

With PPS control, to minimize conduction loss, the reference of active clamp
voltage using PPS control is equal to the product of the V,/2 and the turns ratio n;:
n,. This implies that (9.1) is equal to zero. It should be noted that transformer turns
ratio value has to be obtained precisely. In fact, the transformer cannot be manu-
factured with a precise value for mass production. Once the reference of PWM
control loop has been set, the turns ratio mismatch can result in variation of current
slew rate of leakage inductance.

For example, if the actual turns ratio n;:n, is larger than its predefined value,
then the following can be obtained as,

Ll =Ve—5x 1 (9.2)

Thus, the current slew rate of the leakage inductance is not zero during the
power transfer stage. Otherwise, if the actual turns ratio is less than its predefined
value, one can obtain
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diLr Vz n
L——=Ve——x—>0 9.3
dt ¢ 2 x ny ( )

Thus, the current slew rate of the leakage inductance is also not zero during the
power transfer stage.

To verify this, a simulation is made. The simulation specifications are specified
in Table 9.1.

The simulation results with different turns ratios for PPS control are shown in
Fig. 9.5. Supposing the active clamp voltage reference is determined by the turns
ratio 2:10 shown in Fig. 9.5b, if there is a slight mismatch for the turns ratio, the
current slew rate of the leakage inductance will not be zero, which is shown in
Fig. 9.5a, c respectively. This will increase the conduction loss.

The simulation results with different turns ratios with DCSR control are shown
in Fig. 9.6. If the turns ratio n;:n, = 2:9, the active clamp voltage is regulated to be
higher as 66.67 V. And if the turns ratio ny:n, = 2:11, the active clamp voltage is
regulated to be lower as 54.54 V.

Table 9.1 Simulation specifications

Rated power 1200 W L, L, 15 uH
HVS (V2) 600 V Cdl, Cd2 30 HF
LVS (V) 19-245V C. 10 puF
Turns ratio 2:9/2:10/2:11 Cs, Cy4 100 pF
Switching frequency 50 kHz L, 2.2 uH
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Fig. 9.5 Simulation with transformer turns ratio mismatch for PPS control: a ny:n, = 2:9, b ny:
ny = 2:10, C nyng = 2:11
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Fig. 9.6 Simulation with transformer turns ratio mismatch for DCSR control: a ny:n, = 2:9, b ny:
ny, = 2:11

9.3.2 Actual Equivalent Circuit

Even if the turns ratio of transformer can be designed precisely and the reference of
PWM control loop is given accurately, the slew rate of leakage inductance current
cannot be kept zero in facing the load variation due to the circuit equivalent
resistance including on-state resistance of power MOSFETSs of both sides, equiv-
alent series resistance (ESR) of transformer windings, and line resistance.
Figure 9.4b shows the ideal circuit for PPS control, i.e., all the components
including power devices and transformers are ideal. Practically, the equivalent
circuit is shown in Fig. 9.4c in view of the circuit equivalent resistance r.q, which is
the sum of the on-state resistance of MOSFETs and equivalent resistance for
inductor, transformer, and electrical line. According to KVL, the following can be
obtained

dig, . Vo m
= Ve —ip, equ — = X — 94
ar C L X Feg 5 X n2 ( )

L

Assuming the turns ratio of transformer can be designed precisely, and with PPS
control, the clamp voltage V¢ is regulated to be fixed. Under a certain output power,
L,di/dt = 0, and therefore the slew rate of the leakage inductance current can be
kept zero. However, once the load varies, the leakage inductance current iz, during
the power transfer stage varies as well, but the clamp voltage V¢ and turns ratio are
kept constant. This makes L,di/dt # 0, and the slew rate of the leakage inductance
current is not equal to zero any more. For example, if the output power increases, iy,
increases as well, leading to

di, . Vo omy
Lr_:VC_lerrequ__ —

" o <0 (9.3)

Thus, the slew rate of leakage inductance current cannot be kept zero during the
power transfer stage.
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In view of the voltage drop over the equivalent resistance, even if the clamp
voltage V- can be regulated to be fixed, the slew rate of the leakage inductance
current may not be equal to zero as the load varies during the power transfer stage.

To verify this, simulation in view of the circuit parasitic parameters was made.
The devices are listed as follows: Qy, Qya, Qs, Qo,: IXFN230N10 whose Rds(on) is
6 mQ; S;-S,: IXFX100NS0P whose Rds(on) is 49 mQ. Type of diodes for the
three-level side is MUR3060T. The turns ratio is fixed as 2:10. The ESR of the
transformer winding and line impedance is 6 mQ.

Figure 9.7 shows the simulation results with different power outputs at 24 V
input with the PPS control and the proposed DCSR control. As seen in Fig. 9.7a,
with the conventional PPS control, when the output power is 200 W, the slew rate
of the leakage inductance can be controlled almost to be zero during the power
transfer stage. However, as seen in Fig. 9.7b, when the output power increases up to
1.2 kW, the slew rate of the leakage inductance current cannot be kept zero any-
more due to the larger voltage drop of power devices, ESR of equivalent circuits.
As seen, with conventional PPS control, the active clamp voltage V¢ is fixed in
spite of the load variation. Thus, at 200 W and 1.2 kW outputs, the active clamp
voltage Vi is regulated to be 60 V according to the relationship of the output
voltage and the turns ratio. However, with the proposed DCSR control, at 200 W
output, the active clamp voltage is regulated to be a little bit higher to be 60.3 V. At
1.2 kW output, the active clamp voltage is regulated to be even higher to be 61.4 V.
With the increase of the output power, the voltage drop over power MOSFETs, line
impedance, and transformer windings increases. Therefore, the active clamp voltage
should vary as well. But with the conventional PPS control, the clamp voltage has
been set fixed despite the load variation. Thus, the leakage inductance current slew
rate cannot be maintained zero as the load varies.
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Fig. 9.7 Simulation in boost mode (turns ratio is 2:10) at 24 V input: a PPS at 200 W output;
b PPS at 1.2 kW output; ¢ DCSR at 200 W output; d DCSR at 1.2 kW output
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9.3.3 RMS Current Comparison

Due to the above limitations, it is difficult to control the slew rate of leakage
inductance current to be zero with the PPS control in view of turns ratio mismatch
and load variation. With the proposed DCSR control, the slew rate of the leakage
inductance current can be controlled to be zero during power transfer stage. To
compare the RMS current in view of the turns ratio mismatch, the expression of the
instantaneous current can be calculated as follows. Because the zero state of v, is
very short, the state is ignored. Taking the boost mode as an example.

When (2d — 1) n<¢ <m, according to Fig. 9.8a, the expression of the
instantaneous leakage current can be given by

0)+ 2%l (0<0<(2d—1)n)

Lr( 2nmywL,
i (0) + 2R o (g i) [12C4E) (24— 1)< 0 < 9)
ir(0) = § i (0) + MEELE V;,ffjb” + (1 + ) |22 4
(-32) 52 @<o<m
<2

—i(0—m), (<0

iLr(n) - _iLr(O) +

n Vi +n1V2 ¢7(2d71)ﬂ + Vi _anZ ch(rb
1—-d 2n, oL, 1—-d 2n wL,
when 1 < ¢ < (2d — 1)m, according to Fig. 9.8b,

where

=

7
oi-ne B A 0" ¢ (d-Vr 7
(a) 2d— Dr<g=<n (b) 0<¢<(2d—)n

Fig. 9.8 Steady-state waveforms of the proposed converter in boost mode
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~i(0)+ i (00 <¢)
~in(0) 4 gt~ 5% () (9<0<@d-Dw)
ir(0) = 3 —ig (0) + it — nyta [Co-nt) 07)
o T (@d=1)r<0<n)
+ (L _ v) [w]
1—d 2ny oL,
—i (0 —n) (n< 0 <2n)
where
; - mVap mVo[(2d—1)n— ¢
r = iy 0 —
ipr(m) i, (0) + Snal, 2m [ oL
(9.8)

+ V1 n1V2 mn— (2d — 1)713
1-d 2m oL,
For the current of LVS bottom switches, taking Q; as an example, its instan-
taneous current can be written by

P Vidn V10 .
o [ dr o VLG g) (0< 0 < 2dr)
={Vi Lo "L .
i0,(0) {ol (2dn< §'<2n) (9-9)
The RMS current through the bottom switch Q; is given by
(9.10)

Based on (9.6)—(9.10), the RMS current of LVS bottom switch Q; can be
derived. In the same way, the RMS current of LVS top switch Q;, can be
calculated.

Figure 9.9 shows the RMS current of LVS bottom switch Q, in boost mode with
different control strategies (DCSR and PPS). With PPS control, the turns ratio used
to calculate the voltage reference of the PWM control loop is 2:10. Two kinds of
situations with different turns ratios are considered. One is 2:9 and the other is 2:11.
With the proposed DCSR control, the current slew rate of the transformer leakage
inductance is kept zero in spite of the turns ratio mismatch. With the PPS control,
the slew rate cannot be kept zero if the turns ratio is not equal to the predefined
turns ratio.

To compare fairly, the RMS value of weighted current for both top and bottom
switches can be calculated because the weighted current can reveal the total con-
duction of switches of one leg. The weighting factors for both the top switch and
the bottom switch are same with the value of 0.5. As seen in Fig. 9.10, in facing the
turns ratio mismatch, the proposed DCSR control can minimize the conduction loss
of switches compared with using the PPS control.
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Fig. 9.9 RMS value of LVS bottom switch Q; with different turns ratios. a ny:n, = 2:9; b n;:
np, =2:11
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Fig. 9.10 RMS value of weighted current for one-leg switches (Q; & Q,) with different turns
ratios. a n;:n, = 2:9; b nyiny = 2:11

9.3.4 The Peak Current of Main Switches

Since the LVS bottom switch handles much more current than the top one, only the
peak current distribution of the bottom switch is analyzed with different control
strategies. Figure 9.11 shows the peak current of LVS bottom switches with the
proposed DCSR and PPS controls. As seen, using the proposed DCSR control can

minimize the peak current compared with the PPS control in facing the turns ratio
mismatch.
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Fig. 9.11 Peak value of LVS bottom switch current with different turns ratios. a ny:n, = 2:9; b ny:
ny; = 2:11

9.4 Implementation of the DCSR Control

9.4.1 Voltage Balance Issue for the Three-Level HVS

The three-level half-bridge topology is adopted in the HVS. For the HVS, S, S,,
S3, and S, are in series connection in order to share the HVS voltage. S;, S, are
defined as leading leg switches, and S,, S; are lagging leg switches. The voltages of
HVS power devices cannot be balanced well due to the inconsistency and stray
parameters of the drive circuit. To ensure voltage balance, clamping capacitance
(C.) and diodes (D; and D,) are introduced. The control strategy based on the
proposed topology is easy to be implemented.

The PWM signals of Sy, S,, S5, and Sy are shown in Fig. 9.2a. Sy, S, are turned
on and off before S, and S;. When S, is turned off, Cg; is charged and Cg4 is
discharged via C.. When the voltage of Cy; rises to V,/2, the clamp diode D, will
conduct and the voltage of Cg; is clamped. By means of the control strategy based

on the proposed topology, the voltages of HVS power devices are balanced
perfectly.

9.4.2 Implementation of the Proposed Control Strategy

The control block diagram of the proposed control strategy is shown in Fig. 9.12.
The analog circuit (circled by the green dashed line) is composed of a current
transformer and a level shift circuit to eliminate the negative value for the input of
inner A/D of the DSP. The turns ratio of current transformer is 1:250, and the
sampling resistance is 10 Q. By this means, the leakage inductance current iy, is
sampled as a voltage value from —1.5 to 1.5 V. Through the level shift circuit, a
1.5 V bias voltage is added and the value input to the inner A/D varies from 0O to
3 V. The CPLD is responsible for logical operation (circled by the red dashed line)
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Fig. 9.12 Control block diagram of the proposed DCSR control

to generate a positive edge for DSP as the start of the first A/D conversion of i;,. As
shown in Fig. 9.2a, the slew rate of the leakage inductance current i;, is expected to
be regulated to be zero during the range (0s—89 and 6,4—0,7). Hence, in this range,
ir, should be sampled twice to get the slew rate.

All the control parts circled by the black dashed line are implemented by
floating-point DSP TMS320F28335. The PWM control loop is designed to control
the slew rate of iy, and the phase shift control loop is used to stabilize the HVS
voltage and the direction of power flow. As shown in Fig. 9.2a, the slew rate of the
leakage inductance current i, can be regulated to be zero during the range (65—0o
and 0,4—0,7). For example, during the time interval (05—0y) of a switching period,
ir, is sampled at points 0; and 0; + 40 to obtain the currents iz, and iz,p,
respectively. The control target is to let i;,q equals to i, and its regulation output
is compared with carrier waveform V,,; and V,, respectively, to generate gate
sequence for LVS switches. To achieve interleaving to minimize the LVS total
current ripple, the phase of V,,, is opposite to that of V,,;. In this way, the slew rate
of i;, can be controlled to be zero by regulating the duty cycle in spite of the
mismatch of converter parameters.

The regulation process to smooth the current slew rate can be seen in Fig. 9.13.
It is assumed that di;,/dr <0 during the power transfer stage, the second sampling
value i, is less than the first sampling value i;,5, thus the current comparator

Fig. 9.13 Regulation process |_
when diy,/dt <0 during
power transfer stage

di, [dt <0 =iy, <l =D lon T = im/[T

di,, [dt - 0= VCT =D T<
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output increases and the duty cycle D increases as well. The clamp capacitor
voltage V¢ increases. This makes the di;,/dr increases until it approaches zero.
Therefore, the proposed DCSR control can smooth the leakage inductance current
slew rate during the power transfer stage.

On the contrary, if dif,/ds > 0 during the power transfer stage, the proposed
control can also smooth the leakage inductance current.

The current of LVS i, and HVS voltage V, are sampled for the phase shift
control loop. Vi.ris the HVS voltage reference. Through voltage and current loop
control, the phase shift @ is obtained. The carrier waveform V,,3 is generated by
phase shifting V;,; with the angle of @. Vj,3pcar) is the peak value of the carrier
waveform V5. As seen, duty cycles for HVS switches are all 0.5. As shown in
Fig. 9.12, if the converter operates in boost mode, the voltage regulator output is a
positive value. If V; is higher than its reference V.., the voltage control loop output
becomes negative and the converter will operate in buck mode automatically.

It should be noted that sensing the LVS active clamp DC voltage is avoided with
the proposed DCSR control. Thus, voltage sensors used to sense active clamp
voltages are not needed any more, reducing the cost. Comparatively, with the
DCSR control, the leakage inductance current is sensed through a low-cost current
transformer which does not need extra auxiliary power. The sensed current is then
processed by the DSP inner A/D whose processing speed is faster than external one
and costs no extra money.

9.5 Experimental Results

A 1.2 kW experimental prototype switched at 50 kHz has been built for the ZVS
bidirectional three-level DC-DC converter with the proposed DCSR control.
An IGBT is not suitable to be used due to that high switching frequency. The
system parameters have been shown in Table 9.1, and the power devices are the
same for the aforementioned simulation in Sect. 9.3. It should be noted that even
though the HVS voltage is 600 V, the voltage rating for the HVS MOSFET
IXFX100NS50P is only 500 V, besides its Rds(on) is only 49 mQ. The system
efficiency can be improved by using that low-voltage rating power MOSFET in that
high-voltage application, which indicates the advantage of the three-level topology.
Two transformers are purposely manufactured. One transformer whose turns ratio is
2:10 is used as the predefined turn ratio for the conventional PPS control. The turns
ratio of another one is 2:11. Actually, the measured values of them are 2:10.10 and
2:11.05, respectively.

The laboratory prototype is shown in Fig. 9.14. The digital signal processor is
TMS320F28335. Leakage inductance current is sampled with a current transformer
whose turns ratio is 1:250, and the sampling resistance is 10 Q. The sampling signal
is added to 1.5 V DC voltage. Then this analog signal is converted to digital signal
by the inner A/D of digital controller twice in one switching cycle. For the bidi-
rectional operation, LVS DC source is a battery pack composed of two 12 V
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Fig. 9.14 Picture of the laboratory prototype

batteries in series connection. The power devices are the same with those for the
simulation as shown in Fig. 9.6.

For the implementation of the proposed DCSR control, the key is the fast and
accurate sampling of the leakage inductance current. As previously stated, a
low-cost current transformer has been used to detect the leakage inductance current
since it is high-frequency AC. Actually, although the detected leakage inductance
current varies within one switching cycle, the value needs to be sensed during the
power transfer stage in which the instantaneous value of v, is not zero. Once the
gating sequence for the LVS is known, it is easy for the DSP to know the power
transfer stage. Theoretically, leakage inductance currents can be sensed at arbitrary
two points within the power transfer stage can be used to achieve the proposed flat
slew rate control.

For ease of implementation, the first inner A/D conversion is done when DSP
detects the positive edge based on the logical operation of switching sequence using
CPLD as shown in Fig. 9.12, and after a short period of time delay, the second
inner A/D conversion is accomplished.

Figure 9.15 illustrates the experimental results of the leakage inductance current
sampling. From Fig. 9.15a—c, V, is an indicator whose positive edge is the first
sample time and Vg, positive edge is the second sample time. Figure 9.15a, b, ¢
shows the sampling times together with gating sequence, both-side AC voltages,
and leakage inductance current. As seen, both the two sampling times occur during
the power transfer stage in which the leakage inductance current is flat. V05, is the
gate drive signal of Q,, and Vs, is the gate drive signal of S,. v, is the primary
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Fig. 9.15 Experimental results of leakage inductance current detection: a sampling times and
switching sequence; b detection time and voltages; ¢ detection time and leakage inductance
current; d leakage inductance current and voltages

voltage of the transformer, and v.; is the secondary voltage. i, is the leakage
inductance current, and i, ¢ is its sampling signal of leakage inductance current. i, ,
can be sampled well through the current transformer as shown in Fig. 9.14. For the
boost mode, the first sampling point is obtained in one switching cycle when Vg0,
and Vs, are both positive. The second sampling point happens after 1 ps. The
value of 7;,ris converted to a digital value twice in one switching cycle by the inner
A/D of DSP (TMS320F28335) at the instant of positive edges for V, and V. It
should be noted that in Fig. 9.15c, d, the leakage inductance current obtained by the
current transformer is almost the same as the value got by the scope current probe
pretty well. The low-cost transformer is effective in sensing the high-frequency
leakage inductance current.

The experimental results of the proposed converter with DCSR control are
shown in Fig. 9.16 when the transformer turns ratio is 2:10. Figure 9.16a, b shows
the waveforms of the leakage inductance current i;,, the transformer primary
voltage v, and the secondary voltage v., in boost mode, respectively. And the
waveforms in buck mode are also given in Fig. 9.16c, d. As seen, the amplitudes of
voltage v,;, and v.; are matched with DCSR control when the transformer turns ratio
is 2:10 in spite of the power capacity transmitted and the operation modes (buck or
boost).

Figure 9.17 shows the experimental results when the turns ratio varies from 2:10
to 2:11. Figure 9.17a, b shows the waveforms of the leakage inductance current iy,
the transformer primary voltage v, and secondary voltage v.; with conventional
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PPS control in boost and buck modes, respectively. Waveforms under DCSR
control are given in Fig. 9.17c, d.

As seen, the amplitudes of v,;, and v.; cannot be matched well with PPS control
because the voltage reference of the PWM control loop is not accurate due to the
turns ratio mismatch. Hence, the slew rate of i;, during the range (6,—0g) is not zero,
leading to higher current stress and circulating current loss. As seen in Fig. 9.17¢, d,
the amplitudes of v,;, and v, are matched well by using the proposed control not
only in buck mode but also in boost mode in facing the turns ratio mismatch. Thus,
the DCSR control can adapt to the turns ratio variation automatically, and the slew
rate of iy, during the range (0,—0g) can be kept zero even when the turns ratios vary.
Besides, as addressed previously, with PPS control, the turns ratio mismatch cannot
be corrected, the peak current of the leakage inductance, the current stress, and the
turn-off voltage spike marked by the dashed circle increases.

Figure 9.18 illustrates the experimental results for the same prototype with
conventional PPS control and the proposed DCSR control at different power out-
puts in facing the same input voltage. The transformer turns ratio is fixed with 2:10.
As seen, with the conventional PPS control, although the leakage inductance cur-
rent can be controlled to be flat during the power transfer stage at light loads as
shown in Fig. 9.18a. However, at heavy loads as shown in Fig. 9.18b, the leakage
inductance current cannot be regulated to be flat any more due to the larger voltage
drop of power switches, line impedance, and ESR of the transformer windings
because the active clamp voltage is controlled to be fixed in spite of the transmitted
power. Comparatively, with the proposed control, since the slew rate of the leakage
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Fig. 9.18 Experimental results in boost mode (turns ratio is 2:10) at 24 V input: a PPS control at
200 W output; b PPS control at 1.2 kW output; ¢ DCSR control at 200 W output; d DCSR control
at 1.2 kW output
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Fig. 9.19 Experimental results with DCSR control (turns ratio is 2:10): gate signals and the
drain—source voltage over some switches in boost mode: a Q,; b Q,,; ¢ S3; d drive signal of S; and
drain—source voltage of S; and Sy

inductance current can be controlled directly, thus the active clamp voltage can be
adjusted automatically in facing load variation. As seen in Fig. 9.18c, d, despite the
load variation, the slew rate of the leakage inductance current can be controlled to
be zero and the active clamp voltage increases a little bit automatically to com-
pensate for the voltage drop at heavy loads.

Figure 9.19 shows the experimental results of ZVS switching in boost mode,
where Fig. 9.19a—c represents the gate signal and drain-to-source voltage over
switches Q,, Q2,, and Sj_ respectively. As seen, ZVS can be obtained not only for
the LVS switches but also for the HVS switches. Figure 9.19d shows the gate
signal of S; and drain-to-source voltage of S; and S,. As seen, HVS voltage is
balanced well by S; and S,.

Figure 9.20 shows the experimental results in buck mode, which is similar to the
boost mode. As seen, ZVS can be achieved not only for LVS switches but also for
HVS switches. Besides, for the HVS three-level, the HVS high voltage can be
balanced well with the proposed gate logic.

The dynamic transition waveforms with DCSR control are shown in Fig. 9.21,
where Fig. 9.21a shows the transition from boost mode to buck mode and
Fig. 9.21b shows the transition from buck mode to boost mode. If V; is higher than
600 V, the working mode will change from boost mode to buck mode automati-
cally. As seen in Fig. 9.21b, if V, decreases and is lower than 600 V, the converter
transfers from buck mode to boost mode quickly. The transition between the two
modes is very smooth with the proposed control.
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Fig. 9.21 Experimental results of operation mode transition with DCSR control (turns ratio is
2:10): a boost to buck; b buck to boost

Figure 9.22a shows the conversion efficiency at different loads with the pro-
posed control and PPS control when the turns ratio is fixed as 2:10 at different input
voltages. As seen, at light loads, the conversion efficiency differs not much with the
aforementioned two control strategies. As the load increases, the conversion effi-
ciency with DCSR control is higher than conventional PPS control. When there is
slight mismatch for the turns ratio varying from 2:10 to 2:11, the conversion
efficiency comparison at different loads and input voltages can be seen in
Fig. 9.22b. As seen, in the same working condition, the conversion efficiency
obtained by DCSR control is higher than the PPS control.
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9.6 Conclusion

The chapter proposes a bidirectional high-frequency isolated three-level DC-DC
converter for high-voltage applications. With the proposed gate sequence, for the
HVS, the high voltage can be shared perfectly and ZVS can be achieved well. It is
feasible to sample the leakage inductance current in order to achieve zero slew rate
of the leakage inductance current during the power transfer stage directly. The
high-frequency leakage inductance current can be sampled by a low-cost current
transformer and the inner A/D converter of the DSP. This avoids the voltage
sensing of the clamp voltages by voltage sensors and becomes cost effective.

With the proposed DCSR control, the slew rate of the leakage inductance current
during the power transfer stage can be controlled to be zero during the power
transfer stage in spite of the variations of turns ratio mismatch, output power
variations, and system parasitic parameters. However, the slew rate of leakage
inductance current during the power transfer stage using the conventional PPS
control cannot be maintained always to be zero in facing those variations.
Comparatively, with the DCSR control, conduction loss, peak current, and voltage
spike over LVS switches can be reduced more than the PPS control within the
designed LVS voltage range. Thus, the conversion efficiency is higher than the PPS
control. ZVS can be obtained for all power switches in spite of the power flow
direction. Besides, with the proposed control, seamless transition between buck and
boost modes can be obtained. The validity of the proposed control strategy and
converter has been verified by a simulation and experimental results of a 1.2 kW
prototype.
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Chapter 10 )
A Bidirectional Three-Level DC-DC s
Converter with Reduced Circulating

Loss and Fully ZVS Achievement

for Battery Charging/Discharging

Abstract A high-frequency isolated bidirectional three-level DC-DC converter is
proposed for battery charging/discharging applications. To reduce the circulating
loss, a double PWM plus double phase shifted control employing voltage matching
control is proposed. ZVS for all power switches can be obtained even at no-load
condition by employing the magnetizing inductance. The mode analysis is given to
illustrate its working principle. The system parameter design criterion is given in
view of the efficiency improvement and ZVS achievement for all switches.
A detailed comparison of RMS value and peak value of the leakage inductance
current is made with the voltage matching control and mismatching control,
respectively. The effectiveness of the proposed control for the DC-DC converter is
verified by experimental results of a 1 kW three-level prototype.

Keywords Three-level DC-DC converter «+ ZVS - Battery charger
Bidirectional power flow

10.1 Converter Mode Analysis with Proposed
Control Strategy

To reduce the charging current ripple, current-fed DAB is an attractive option [1].
When the voltage conversion ratio varies, the conduction loss during the power
transfer stage is not minimized. To adapt to the wide voltage conversion ratio
situations, a PWM plus phase shift (PPS) control was used. With PPS control, the
battery side voltage is PWM modulated to ensure the matching between clamp
voltage and DC bus voltage [2-4]. However, high current spike can be generated
and imposed on switches as the battery voltage is rather low. This causes lower
conversion efficiency and even system reliability issues. To suppress the current
spike, the two sides of the CF-DAB can be modulated with unequal duty cycles [5].
However, ZVS cannot be ensured for all the switches at the same time.

For all the CF-DAB converters in the literature, the DC bus voltage side is only a
half bridge or full bridge, so they cannot be used directly using silicon-based
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MOSFETs if the DC bus voltage is high. Thus, in this chapter, a three-level
CF-DAB DC-DC converter is presented for battery charging/discharging. To
reduce the circulation loss and suppress the current spike in spite of the battery
voltage, a dual PWM plus dual phase shifted (DPDPS) control with voltage match
is used. By proper design of the transformer magnetizing current, ZVS can be
achieved for all switches even at no-load condition.

The proposed topology is shown in Fig. 10.1. For the battery side, L; and L, are
DC inductors which can be treated as two constant current sources. Q; and Q, are
the main switches with body diodes. Q,, Q2,, and C,, constitute the clamp circuit.
The AC inductor L, represents the sum of transformer leakage inductance in battery
side and the external AC inductance. In the HVS, S;-S, are the main switches. D,
and D, are the neutral point clamped diodes. C, and C, are voltage-dividing
capacitors. C,; is the flying capacitor. V| is the DC bus voltage, and V; is the battery
voltage side. The direction of assumed current flow is highlighted in Fig. 10.1.

The steady-state waveforms in charging mode during one complete period are
shown in Fig. 10.2. The duty cycles for battery side bottom switches Q; and Q, are
the same, but their PWM gating signals are interleaved with each other. v,;, and v,
are the high-frequency AC three-level waveforms with the same shape, and they are
phase shifted according to the transferred power. The leakage inductor current is
maintained at zero during the circulation stage, and the circulation loss can be
reduced by employing the PWM control for the HVS like the battery side with the
same duty cycle.

The typical operation modes are shown in Fig. 10.3. The detailed mode analysis
is described as follows:

Stage 1 (Before 0p): Qi, Qza, Sz, and S, conduct, and vy, Veg, iy, im are
negative. During this stage, the power flows from HVS (V) to battery side (V5).

Dla D2a
- =
e
— —
iin“ Cla C2a
+ c T +
Vl_—-_ . CCZ:=
- d| L,
C1 C2 Iy ;
— 2
ol=it elmft -
D, D,

Fig. 10.1 Topology of the bidirectional current-fed three-level DC-DC converter
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Fig. 10.2 Steady-state waveforms of the proposed control in charging mode

Stage 2 (0,-0,): At 0y, S, turns off. The sum of magnetizing current i ,, and
primary winding iy charges/discharges the junction capacitors Cs4/Cs; until the
voltage of Cs; decays to zero. Then, S; turns on under ZVS.

Stage 3 (0,-0,): At 0,, S| is gated on under ZVS.

Stage 4 (0,—05): At 0>, Q,, turns off. The difference between i; » and if , begins to
charge/discharge the junction capacitors C,,/C, until the body diode of Q, con-
ducts. Then, Q, turns on under ZVS.

Stage 5 (05-0,): At 05, Q, turns on under ZVS.

Stage 6 (0,—0s): At 0,4, S3 turns off. The difference between magnetizing current
iLm and leakage reflected current ij/n charges/discharges the junction capacitors
Cs3/Cs; until the body diode of S, conducts. Then, S, turns on under ZVS.

Stage 7 (0s5—0g): At 05, S, turns on under ZVS. D, conducts until the voltage of
Ve tises to its steady value.

Stage 8 (0s—07): At g, Q, turns off, the difference between iy, and i; ; charges/
discharges the junction capacitors C,/C, until the body diode of Q;, conducts.

Stage 9 (0,-05): At 0, Q,, is gated on under ZVS. ii , is increasing positively
and linearly. At 0g, S; turns off, and the second half period is similar to the first half
period.

The steady-state waveforms and the operation modes in discharging mode with
the proposed control strategy are similar to those in the charging mode; thus, they
are omitted herein for the sake of brevity.
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Fig. 10.3 Modes of the proposed topology during half period in charging mode
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10.2 Performance Analysis and Discussion

The stages in which the transferred power P, . = 0 are defined as circulation
stages. It can be proved that the minimum circulation can be implemented only
when Ty, = (D — 0.5)T. Therefore, the same duty cycle control is employed. In
order to simplify the analysis, it is assumed that the charging and discharging
processes of the junction capacitors are instantaneous when the switches turn off.
The analysis is under the condition that Ty, = (D — 0.5)T, 0 < Ty; < Ty, and
D > 0.5 [6]. ¢, is the phase shift angle between the two sides, and Ty, = ¢ T/27 is
the corresponding time.

10.2.1 Derivation of System Output Power

As shown in Fig. 10.4, the leakage inductor current of battery side can be divided
into four stages under the condition 0.5 < D < 0.75 in half a period. The maximum
value of leakage inductor current can be expressed as follows:

Vi
Iimax = IfCZ T¢1 (101)

Ignoring the power loss during the power conversion, when 0.5 < D < 0.75 and
Ty1 < Ty, expressions of the transferred energy can be obtained as follows:

ViR SRR NEEN o —
L ey T"’f —le— (1-D)T—>] |
‘ : ; ‘ > ¢
Ved U
A . e
| (1-D)T—> | i
> f
vah
: E : H ll_rmax I
Lo llest i/ N\
lim // /
7 ,// ¥ > 1
iy I
I B
1) HE L L t
th 4 [} [£) 14 15

Fig. 10.4 Simplified key waveforms when 0.5 < D < 0.75 and Ty, < Ty,
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Aty V2
. 2 72
W, = / VcdlLrildt = ZLL,Z.T(M (102)
0
Aty Aty
W, = / V(~diLr_2dt =0, W; = / VcdiLr_3dl‘ =0 (103)
0 0
Aty V2
Wy = / VL-diLr_4dl = ZCZ Td)l [(1 — D)T — Td)l] (104)
T
0

where Atl =t —Ilp= T(/,l, At2 =l —hH = Td72 - T(/,l, At3 =13~ = Tqﬂ, A[4 =
ty—t3=1 =D~ Ty, ie 1 = Ve /Ly = Iimmaxs e 2 =0, irr 3 = Veeo(t-12)/
L,, ity 4 = Imax. Therefore, the output power in this case can be derived as follows:

4
_ Wi Veo

P
° 0.5T TL,

Ty1[2(1 — D)T — Ty ] (10.5)

The output power expressions in other cases can be obtained similarly, which are
shown below:

D €[0.5,0.75) :

2
VCC2

TL,

Pu—mn@—ﬁd Ty € [0,T,0)

Py =8 2 [201 = D)TTyy — (T —w)*=T3,]  Tyr € [T, (1 = D)T)
8 [(1 CDPT (T — w)z} Tg1 € [(1 — D)T,0.5T]
(10.6)
D €[0.75,1] :
%2 20 = Dy1Ty) - 73 Ty €[0,(1-D)T)
Po= 4§ (1- D) Ty €[(1-D)T, Tp) o

Y2 (0.5T — T1) [(15 = 2D)T + Ty ] Ty € [Ty, 0.5T]

The output power expressions in discharging mode can also be obtained in the
same way, which are omitted due to the simplicity of analysis. According to (10.6)
and (10.7), the output power curves versus the phase shift angle ¢; with different
duty cycle D are plotted in Fig. 10.5.
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Fig. 10.5 Output power 6
curves versus phase shift
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As shown in Fig. 10.5, it can be seen that the maximum output power in
charging mode occurs when ¢; = 0.57 while ¢; = —0.57 in discharging mode. The
maximal transferred power capability takes place in D = 0.5. With the increase of
the duty cycle D, the maximum power transferred capability is limited. There is a
stage that the output power P, does not change with the phase shift angle ¢»; when
D > 0.75.

10.2.2 Clamp Voltage and Voltage Gain of Converter
According to the DPDPS control principle, the voltage across the clamp capacitance
C., can be obtained as follows:

V,
1-D

Voo = (10.8)

The circulating loss and peak/RMS values of leakage inductor currents can be
reduced by achieving amplitude matching between voltage v,;, and v, Therefore,
the following relationship between voltage V., on the capacitor C., and the DC
bus voltage V; is expressed as follows:

Vi
2 = 10.
Ve o (10.9)
Voltage gain G is defined as follows:
=" (10.10)

Vs
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Fig. 10.6 Voltage gain 100
curves versus duty cycle D
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Substituting (10.8) and (10.9) into (10.10) yields the voltage gain

2n

¢C=1"p

(10.11)

The voltage gain curves versus the duty cycle D with different turns ratio n are
plotted in Fig. 10.6. It can be seen that high voltage gain can be obtained by
employing the proposed topology even when turns ratio n = 1 and duty cycle is
very low.

10.2.3 Design Considerations

A 1 kW prototype is built according to the example of parameter design procedure.
V, is designed as 600 V, and the battery voltage range is 18-28 V. The switching
frequency is selected as 50 kHz.

(1) Determination of transformer turns ratio

According to the mode analysis mentioned above, larger DC inductance and larger
output capacitance of battery side switches make the ZVS turn on hard to realize. In
order to achieve ZVS for bottom switches of battery side, the duty cycle D must be
greater than 0.5 or equal to 0.5. Considering the clamp voltage of battery side and
the battery side voltage, the following relationship stands:

Va
1-0.5

Ve > (1012)
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In this chapter, the output voltage V; is designed within the range 18-28 V; thus,
the Ve, must greater or equal to 56 V. V., is determined as 60 so as to simplify
the transformer design, and the turns ratio n can be calculated as follows:

V
= = 5
. 2Veer

(10.13)

(2) Leakage inductance design

Leakage inductor L, limits the power transfer capability and has a great impact on
the RMS value of i;,. It is feasible to discuss the i, to reduce the loss of whole
system. To analyze the leakage inductor current waveforms shown in Fig. 10.4, the
leakage inductor current expression during half period is easy to be derived which is
as follows:

Vea
z—rt_Ierax t e lloh

[t0.11)

. Jo t € [t1,t2)
I = VLL:z(t B tz) ‘e [fz,fs) (10.14)

Ierax re [t3314]

Ty, can be deduced according to the first expression of (10.6) which is as
follows:

VoT — \/T?VZ — TL,P
Tp = — 2 0 (10.15)

Veer

Then, the leakage inductor RMS current can be obtained as follows:

2
Irms = 2T?V3 — L.P,H — 2TV;H 10.16
LiRMS \/3L%VCCZ( 3 o 2 ) ( )
where H = /T?V} — L,P,T. In view of the limitation of the maximum output
power, the leakage inductance must be smaller than Z,Lz"““ Based on (10.16) and

(10.1), the RMS current and peak current of the leakage inductor versus leakage
inductance value in different battery voltage are plotted in Fig. 10.7.

As is demonstrated in Fig. 10.7, the RMS and peak current will increase if
leakage inductance increases. It means that the larger leakage inductance will cause
more loss and current stress. On the other hand, too small leakage inductance will
cause rush current during the start-up process.

(3) DC inductance design

Ignoring the power loss during the power conversion and assuming the inductors L,
and L, have good current-sharing performance, the relationship between output
power and the average DC inductor current /;; can be expressed as follows:
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where I;; is the average DC inductor current, and V, can be written by

It = = (Ieimax + I2imin) (10.18)

N —

V2 _ Ll Ileax - Ilein

10.1
DT (10.19)

Based on (10.17) to (10.19), the minimum and the maximum DC inductor
current can be, respectively, expressed as follows:

P, VoDT
Iimin = =— — 10.20
L 2V, 2L, ( )
P VoDT
I imax = 2‘;2 ;L <10.21>
1

As shown in Fig. 10.4, marking #; as 0, the equations of DC inductor current
during whole period can be derived as follows:

Vot 4+ Inimi t€[0,DT
i = {Ll i 0, 57) (10.22)

—£(t = DT) +Iimax 1 € [DT, T

By substituting (10.20) and (10.21) into (10.22), the DC inductor RMS current
can be obtained as follows:
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Fig. 10.8 DC inductor RMS 80
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The DC inductor RMS current curves versus DC inductance value in different
output voltage on account of (10.23) are plotted in Fig. 10.8.

As shown in Fig. 10.8, DC inductor RMS current decreases as DC inductance
value increases. The RMS current decreases dramatically when the DC inductance
value increases from O to 2.5 pH. And the RMS current reduces slightly when the
DC inductance value is larger than 5 pH. It reveals that the larger DC inductance
value will reduce the RMS current and then reduce the DC copper loss. Meanwhile,
larger DC inductance will also reduce the current ripple. This reduces the DC
inductor core loss as well. It is worth noting that too large DC inductance value
results in the loss of ZVS for battery side switches, and the limiting condition of DC
inductance value will be discussed in detail later in this chapter.

10.2.4 Comparison of Voltage Matching Mode
and Mismatching Mode

Figure 10.9 shows the mismatched waveforms, where Ty 1mis, Tpomis» Dwmis are the
corresponding parameters under mismatch. Tyimis < Tpomis 1S always satisfied in
order to achieve minimum circulation loss. The leakage inductor current iy .\ can
be written owing to Fig. 10.9, and it can be written as follows:
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I, can be deduced as follows:

;T (1 Ve )
2L, nVeeomis
The output power is derived as follows:

Ponpe = Tyimis Vel (2‘/2 _ T¢1MisVCc2-Mis>

nL, T

C
[
\§ t

(10.25)

(10.26)
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The relationship between ¢rvis and ¢ can be obtained based on the fact that
Po-Mis = Po

TV, Ve — \/ nVeer VeeaVeermis Tt (T1 Ve — 2TV2) + T2V3VE

Tyivis =
Veer Vee mis

(10.27)

Thus, the maximum value of T\ can be obtained by assuming
Tpimis = Tgomis that is, Tyivis_max = T(1/2 — Va/Vieeamis). Figure 10.10 shows
the curves Tyimis versus Vo and Vieeo.mis-

The upper surface in Fig. 10.10 is the limited phase shift angle ¢1nis.1im, and the
bottom one is the phase shift angle ¢y It is clear that these two surfaces have an
intersection when the mismatched value Voo is lower than 58.8 V, which
indicates that the system cannot output enough power if the clamp voltage is rather
low.

The RMS value of the leakage inductor current can be derived as follows:

2 A 24 T2V2 V. v

7 = - |22 27 ( TV 1 2 2 Cel

LEMISRMS 12V [gn i VzT( 2Vea = T)} " DVeaws (? T )
r c2-Mis r c2-Mis

T2 V22 2P0A1 T2 Vg V(%cl
412 3L.VeaVeowmis 3n?L2VE,

+

(10.28)

where A| = /Ay — nTL,Py Vel Veeormiss Ax = (TV; VCcl)z. The value of i ;. mis-RMS
versus V, and Vceomis Which is plotted in Fig. 10.11a, b is the projection on
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Fig. 10.11 i . vis.rms Versus V, and Vieeomis: @ three-dimensional graph; b projection graph

Veeamis — Iemisrms side. From Fig. 10.11, it can be seen that leakage inductor
RMS value will increase when Voo 1S larger than Ve, or Vieeoovis is smaller
than Ve,. The minimum RMS value occurs at Ver.mis = Voo, Which means that
the voltage of battery side matches with HVS.

And the peak current iy r.mis peak €an be deduced as follows:

Vee
o = ﬁ: Tyrwis + Iy Veeamis 2 Ve (10 29)
r-Mis-peal Vchzr.Mis T¢1Mis — I Veowmis < Vee .
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The it r.mis-peak SUrface versus Veeo.mis and Vo which is plotted in Fig. 10.12a, b
is the projection on it r.mis.peak — Vice2-mis Side.

Figure 10.12 indicates that the leakage inductor current peak value would
increase regardless of the fact that Vo, ;s is larger than or smaller than V¢,. The
minimum peak value occurs at Veer.mis = Veea, Which means that the voltage of
battery side matches with HVS. As stated previously, ZVS achievement for HVS
switches depends on the magnetizing current iy, and the leakage current ip,.
The ZVS achievement for battery side switches is determined by the DC inductor
current and leakage current ij,. The ZVS conditions of battery side switches are
quite different and asymmetric between the charging mode and discharging mode if
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the voltages are mismatched. This issue makes main circuit parameter optimization
difficult. Even worse, ZVS may be lost completely if the voltage mismatch is too
much.

10.2.5 Soft-Switching Condition

(1) High-voltage side switches

Switches S; and S, are taken as an example to analyze the ZVS condition for HVS
active switches. The key waveforms of HVS are shown in Fig. 10.13.

According to the mode analysis, the sum of magnetizing current i ,, and battery
side winding current i is shown in Fig. 10.1 to charge/discharge the junction
capacitors during the dead time. Thus, the ZVS condition for HVS four switches in
charging and discharging modes can be calculated as follows:

Tan
|iT + iLm|dt >2nCoss.rt Ve (1030)
0
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For the lagging leg switches in charging mode, before S; turns on, the mag-
netizing inductor current iy ,, is the maximum and negative —I1 ,max and the leakage
inductor current i . begins to increase. Based on (10.30), the ZVS condition for the
lagging leg switches in charging mode is shown as follows:

ImeadeH + % (ZIerax - AiL)') 2 2nC0ss~HVCc2 Td)l 2 TdH (10 31)
I mmaxTan + zlnterax Td)l > 2nCossH VCCZ Td)l <Tun
Simplifying (10.31) leads to
Pt 2Ty — Tan) > 26l Ty > Ty
Wl | _Veo 72 > 4Cose Ve T <T (10'32)
L 2L, Tan * 1 = Tant 2 dH

It can be proved that in (10.32), the ZVS condition of lagging leg switches in
HVS becomes more difficult to achieve with the decrease of Ty;. And the most
difficult condition occurs at Ty, = 0, where there is no power transmission. Thus,
the magnetizing inductance must be designed as follows to achieve ZVS in this
case:

Vo TT4n
L, < ——22od 10.33
- 4VCC2COSS-H ( )

It can be seen from (10.33) that the maximum magnetizing inductance L, is
independent of the output power. Actually, in discharging mode, the ZVS condition
for lagging leg is the same as (10.33). Likewise, the ZVS condition for leading lag
switches in charging mode and discharging mode can be expressed as follows:

L, < Tau(VaT — Veer Tan)

10.34
- 4C0ss~H VCC2 ( )

From the (10.33) and (10.34), it is obvious that with the decrease of battery
voltage, the maximum magnetizing inductance value decreases as well, which
implies that the most difficult ZVS occurs at the lowest battery voltage in the same
situation. The comparison of (10.33) and (10.34) concludes that (10.34) is more
difficult than (10.33). In other words, once the magnetizing inductance is designed
as shown in (10.34), the ZVS condition for HVS can be guaranteed in spite of the
working modes. Based on (10.34), the maximum magnetizing inductance L, curve
versus the dead time Tyy to guarantee ZVS for HVS switches in 18 V battery
voltage is plotted in Fig. 10.14.

Figure 10.14 indicates that if the dead time Tgy is within 1 ps, the maximum
magnetizing inductance value is increasing with the increasing of the dead time of
HVS. To minimize the magnetizing loss, L, must be designed as large as possible.
But too large dead time causes more switching body diode conduction loss. So the
magnetizing inductor must be designed with a proper value.
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(2) Low-voltage side switches

The battery side DC inductors must be designed carefully to satisfy the ZVS
condition for the battery side switches. The key waveforms before Q, and Q,
turning on are shown in Fig. 10.15. The analysis for the other two switches is
similar.
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As mentioned previously, the absolute value of the difference between leakage
inductor iy, and DC inductor i;; must be large enough to charge/discharge the
junction capacitors of battery side switches during the dead time. Thus, the ZVS
condition for four battery side switches can be roughly obtained as shown below:

Td
/ |iLr — iL1|dl > 2Coss»LVCc2 (1035)
0

From Fig. 10.15a, the ZVS condition for upper switches in charging mode can
be derived as follows:

TqL
g

I max Tar, 21 imin + Airy) > 2Coss.1. Ve (10.36)

Simplifying the (10.36) yields

4C0ss-L VCCZ
T
(10.37)

2Vee Vée
Td)l —
L Vo TL,

1%
2(1 = D)TTy — T3, | — L—Z(TdL —DT) >
1

Derivation of the left side equation versus Ty, and setting it to be zero will lead
to Ty; = 0. It indicates that the ZVS is more difficult to achieve with the reduction
of output power. The most difficult condition occurs at the output power which is
zero, and the DC inductance value must be designed as follows to achieve ZVS
condition of upper switches in this case:

VoTa (DT — T,
L < 2dL( dL)

10.38
o 4'VCCZ Coss-L ( )

It can be seen that the value of DC inductance is independent of the output
power. Actually, the ZVS condition of upper switches in discharging mode and the
bottom switches in charging mode is the same as shown in (10.38). Similarly, the
ZVS condition of bottom switches in discharging mode can be obtained as follows:

Vo(DT — T,
Li<——7 : 1 - 23L) — (10.39)
= (W 4 ) i 2 T+ 260
where Ty1, = %Tdu As shown in (10.38) and (10.39), it can be inferred

that the most difficult condition to achieve ZVS is illustrated in (10.39) under the
minimum battery voltage 18 V. Thus, the boundary DC inductance value versus
dead time of battery side Ty is plotted in Fig. 10.16.

The figure reaches its peak point at the dead time Ty around 135 ns. As
aforementioned, the larger DC inductance value is beneficial to reduce the system
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loss and minimize the current stress. However, the volume of the DC inductors is
also an issue worth considering. Hence, it is necessary to design the DC inductor
legitimately.

10.3 Experimental Results

10.3.1 Prototype

A 1 kW experimental prototype has been built in order to verify the effectiveness of
the current-fed bidirectional DC-DC converter with the proposed DPDPS control.
The prototype photograph is shown in Fig. 10.17. The system specifications are
given in Table 10.1. Besides, battery side switch type is IXFN360N15T2 for Q,
and Q,, and HVS switch type is FDASONS50 for S;-S,. The high-frequency
transformer core is EE55. The entire control of the system is implemented on a
Texas Instruments TMS320F28335 DSP.

10.3.2 Operation Waveforms of Charging Mode
and Discharging Mode

The steady-state waveforms of the proposed converter under 1 kW are shown in
Fig. 10.18. The waveforms in Fig. 10.18a—c are tested in charging mode in 18, 23,
and 28 V battery voltage, respectively, while Fig. 10.18d—f are tested in dis-
charging mode in 18, 23, and 28 V battery voltage, respectively. As seen, the
leakage inductance current iy . keeps constant during the power-transferring stage
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Driver Board

Fig. 10.17 Photograph of the test prototype

Table 10.1 System Components Parameters
specifications Voltage of HVS (V) 600 V
Voltage of battery side (V;) 1828 V
Output power (Pomax) 1 kW
Switching frequency (fs) 50 kHz
Leakage inductance (L,) 1.5 pH
DC inductance (L; and L,) 11 pH
Battery side MOSFETs (Q) IXFN360N15T2
HVS MOSFETs (S) FDASO0NS0

due to the voltage-matched control and the circulation loss is suppressed by
employing DPDPS modulation.

10.3.3 Soft-Switching Waveforms of Discharging Mode
and Charging Mode

Figures 10.19, 10.20, 10.21, and 10.22 illustrate the ZVS achievement for HVS
switches at the maximum load and no-load conditions. It can be seen that the
proposed topology can achieve soft switching within full load range as long as the
parameters are designed reasonable. It is clear to see that all HVS switches can
achieve ZVS, which indicates that the proposed topology can work at full load
range with a good performance.
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Fig. 10.18 Steady-state waveforms at 1 kW output: a V, = 18 V in charging mode; b V, =23 V
in charging mode; ¢ V, = 28 V in charging mode; d V, = 18 V in discharging mode; e V, =23 V
in discharging mode; f V, = 28 V in discharging mode

The efficiency curves of the proposed converter are plotted in Fig. 10.23. The
left curves represent the discharging mode, while the right curves show charging
mode. As seen, the high conversion efficiency is achieved over wide battery voltage
and load range owing to the soft-switching operation, the utilization of low-voltage
rating power devices, and low peak/RMS currents. The highest efficiency can be
obtained at full load when the battery voltage is 28 V in both modes. The maximum
efficiency in charging mode is 96.71% while 96.79% in discharging mode.
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This chapter proposes a DPDPS control strategy with equal duty cycles for
current-fed three-level DC-DC converters for battery charging/discharging. With
the proposed control strategy, the conduction loss can be reduced and the system
reliability can be improved. The comparison between voltage matching and
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mismatching modes has been made in detail. Besides, the relationship between the
maximum DC inductance and dead time of battery side, and the relationship
between the maximum magnetizing inductance and dead time of HVS are inves-
tigated to ensure the ZVS. ZVS can be achieved for all switches within full load
range with proper parameter design. The validity of the proposed control strategy
has been verified by experimental results of a 1 kW prototype.
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Chapter 11 )
A Current-Fed Hybrid Dual Active pas
Bridge DC-DC Converter for Fuel Cell

Power Conditioning System

with Reduced Input Current Ripple

Abstract In this chapter, a novel current-fed hybrid dual active bridge DC-DC
converter is proposed, which is suitable for low-voltage fuel cell power condi-
tioning system. The high-frequency input current ripple can be reduced to minimum
because the input-side switches are always switched at 50% duty cycles in spite of
the fuel cell voltage and the load variation. Notch filter is used in the voltage
feedback path to reduce the low-frequency input current ripple when interfaced with
a single-phase inverter load. All of the power devices can achieve zero-voltage
switching on by the proposed control strategy. The mode analysis, the operation
principle, ZVS conditions, and parameter design are given in this chapter. A 1 kW
prototype has been fabricated to verify the effectiveness of the proposed converter
and control strategy.

Keywords DC-DC converter - Fuel cell - Zero-voltage switching
Current ripple

11.1 Converter Topology and Operating Principles

In power conditioning systems, not only low-frequency current ripple, but also
high-frequency current ripple can be a threat for devices [1, 2]. It is, therefore,
necessary to suppress the high-frequency current ripple [3, 4].

For voltage-fed DAB topologies [5, 6], the high-frequency current ripple is
rather large, so a large capacitance is needed to snub the high-frequency compo-
nent. As to conventional current-fed DAB converters [7, 8], the high-frequency
current ripple can be reduced by interleaving operation of the two buck/boost
circuits. But the current ripple cannot be minimized to be zero, since PWM control
is still used for the current-fed side to adjust the clamp voltage. In order to minimize
the high-frequency current ripple more effective, current-fed hybrid DAB converter
is proposed.
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11.1.1 Proposed Converter

The proposed converter topology is shown in Fig. 11.1. The input side (also the
fuel cell side) is dual-boost half bridges consisting of four power MOSFETs (Qq,
Q1a, Q2, Qz,) and two DC inductors (L, L,). The output side is composed of a full
bridge and an auxiliary half bridge. The full bridge consists of four MOSFETs (S;—
S4); the auxiliary half bridge consists of two MOSFETs (Ss, S¢) and two capacitors
C,, and C,. The two sides are connected by a high-frequency transformer 7, whose
turns ratio is 1:n. L; denotes the leakage inductance of the transformer. m is the
voltage conversion ratio defined as

m=V,/(2nVi,) (11.1)

11.1.2 Modulation Strategy

The typical operating waveforms are shown in Fig. 11.2. For the input-side power
switches, Q; and Q1,, Q> and Q,, are operated complementarily, respectively, with

N 1S
i a Ik ]
L, i b o
bin’f, g . 1:n
Vin — l_P FP___VCC S. Ky
T 2ot epr e sdprsdp o
Fig. 11.1 Topology of the proposed converter
Fig. 11.2 Typical operating 4
waveforms 0,01, 0105, 0,014 >t
Y Sy S> 1| S,
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S 1[5 5 |55,
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duty cycles fixed as 50%; Q; and Q, are phase shifted by T2, where T is the
switching period. For the output-side switches, S; and S,, S3 and Ss, S4 and S¢ also
operate complementarily. The duty cycles of S; and S, are fixed as 50%, and the
gating signal of S; lags behind that of Q,, for phase shift ratio ¢. The duty cycles of
S5 and S, are both denoted as d. S5 and S, are turned on simultaneously with S, and
S, respectively. The proper selection of d can ensure ZVS for all switches in wide
operation range, which will be studied in later sections. v, denotes the voltage

across the points “a” and “b” shown in Fig. 11.1, and v, is the voltage across “c
and “d”. The current flowing through the leakage inductor is denoted as iy .

11.1.3 Typical Operating Periods

According to the operating waveforms in Fig. 11.2, an entire switching period can
be divided into twelve stages. Since the operation mode is symmetrical, only half of
a switching cycle will be illustrated in Fig. 11.3 and described as follows. The
modes in the other half cycle are similar.

Period 1 (¢,, t,): Prior to 7,, S;, Ss, S¢, Q; and Q,, are on. The leakage
inductance current 7y is decreasing linearly.

At the instant 7,, Q; and Q,, are turned off. Then, the output junction capacitors
of the input-side switches begin to resonate with the L; and the input-side DC
inductances. The difference between i;; and ij; begins to charge the junction
capacitor of Q; and discharge that of Qy, until the drain—source voltage of Q,, falls
to zero; then, the body diode of Q, begins to conduct, waiting for the gating signal
for Qy,. Thus, ZVS can be obtained. Likewise, the sum of —i;, and —ij begins to
charge the junction capacitor of Q,, and discharge that of Q, until the drain—source
voltage of Q, falls to zero.

Period 2 (¢, t.): At t;,, Q1, and Q, are turned on. By proper design of L, L,, and
L;, Qq, and Q, can achieve ZVS. When the resonance process is completed, v, is
equal to +V. and v.; equals —V,/2, so ip, will increase linearly with a higher slew
rate. During this period, the following equations can be obtained

Vapb = + Ve, Vcd:_vo/z (112)
iLk '

(1) = () + 22 (1 — 1)

It should be noticed that the voltages across S3 and S, during this period are both
V2.

Period 3 (¢, t;): Att., S, and S¢ are turned off at the same time. The current i,
the transformer current referred to the secondary side, will charge the junction
capacitors of S,, S;, and Sg while discharge those of S; and S4, until the drain—
source voltage of S; and S, falls to zero. Simultaneously, both the drain—source
voltages of S, and S; increase to V,, and that of S¢ increases to V,/2. Then, the body
diodes of S; and S4 begin to conduct until their gating signals come.
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Period 4 (¢4, t,): Att, S| and S, are turned on with ZVS. During this stage, v,
is still equal to +V. but v.; changes to +V,,. In our configuration, V. is lower than
Vo/n, so iy will decrease linearly according to the following relationship

Vab = + Vee, Vea = + Vo
. . vV, )7VL'( n 1 1.
{ i (1) = ik (ta) + %(f — ta) (11.3)

During this stage, the secondary side current i will not flow through the bidi-
rectional switch composed by S5 and Se.

Period 5 (z,, tp): At t,, S4 is turned off. i; will charge the junction capacitor of S,
and discharge that of S; and S, until the drain—source voltage of S, increases to
V,/2 while the voltage across S; and S falls to V,/2 and zero, respectively. Then,
the body diode of S¢ begins to conduct since Ss is still on.

This stage will occur only if the i, (%) is negative. In order to achieve this,
compensation for d may be needed; this will be explained in detail in the later
sections.

Period 6 (¢, t;): At t;, Se can be turned on with ZVS if the value of iy ,(zp) is
ensured negative, and then iy starts to increase linearly according to the following
relationship

Vab = + Ve, Vea = +Vo/2
ik

(1) = i)+ 220 1~ ) )

11.2 ZVS Conditions and Control Strategy
11.2.1 ZVS Conditions

As illustrated in previous sections, the power transferred by the proposed converter
is controlled by two independent variables, including the phase shift ratio ¢ and the
output-side duty cycle d. Therefore, for a certain operating point with fixed input
voltage and transferred power, different waveforms of ij, can be generated by
changing the combination possibility of the two control variables, leading to dif-
ferent ZVS conditions.

Figure 11.4 shows the theoretical operating waveforms of the proposed con-
verter. fo—ts are the moments when switches are turned on. Since the values of the
leakage inductance current at these points determine the achievement of ZVS for
the switches, calculation for the expression of these currents is necessary.

Based on Fig. 11.4, (11.2) and (11.4), the differences of current values between
these moments can be calculated as follows.
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Fig. 11.4 Theoretical
operating waveforms
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iLk(lz) = _iLk(IS) = iLk(ll) + (2Vin — Vo/n)dTS/Lk (115)
i (t3) = =i (to) = ik (t2) + (2Vin — Vo /21)(0.5 — ¢ — d) T/ Ly

Solving (11.5) yields current values at the switching moments

itk (f0) = (—0.5nVi, + V,(0.125 4+ 0.25d — 0.5¢))Ts/nLy
itk(t1) = ((0.125 4+ 0.25d) Vo, + nVip (29 — 0.5)) T /nLy (11.6)
itk (f2) = ((0.125 — 0.75d) Vo + nVin(2d +2¢ — 0.5)) T /nLy

Meanwhile, the expressions of the input DC inductor currents are written by

ir1(to) = i2(t3) = Po/(2Vin) + (VinTs)/ (4Lin) (11.7)
in1(t3) = ia(to) = Po/(2Vin) — (VinTs)/(4Lin) '

P, is the output power. The ZVS conditions for switches can be summarized as
shown in Table 11.1.

11.2.2 Control Strategy

From Table 11.1, for output-side full-bridge switches S1—S4, ZVS can be obtained
once ip i (#;) is ensured positive. If the output-side duty cycle d is selected as follows

d=1/m—05 (11.8)
Table .11.1 ZVS conditions Switches Current
for switches S. S, Sy and S, i(t) > 0
Ss and Sg ik(2) <0
Q1. and Qy, ir1(to) > irx(fo)
Q, and Q, —ipi(to) > iro(to)
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then the formula of i;4(#) in (11.6) can be simplified as
ik (1) = 2VinTs /Ly (11.9)

Since the phase shift ratio ¢ is positive for the unidirectional power flow feature
in the fuel cell system, i;,(#;) can be always kept positive. Hence, ZVS for S;-S,
can be obtained. Meanwhile, ZVS for Q;, Q,, Q,, and Q,, can be achieved by
proper design of the input DC inductance values and L;.

In this situation, d is only decided by the voltage conversion gain and will not be
affected by the load condition. However, ZVS for the auxiliary switches S5 and S¢
is related to the combination of ¢ and d. If d is selected only according to (11.8),
ZVS for Ss and S¢ cannot be achieved when transferred power is high. Thus, to
ensure ZVS for S5 and S, d cannot be decided only by (11.8), and the control needs
to be improved.

According to Table 11.1, ZVS condition for S5 and Sg is given by

iLk(t2)<0 (1110)
Based on (11.1) and (11.6), it can be written as
(1 —6d)m+ (8d+8¢p —2)<0 (11.11)

In view of the value ij (#,), it can be assumed to be zero, and then (11.12) can be
derived. If (11.12) is satisfied, ij(#,) equals zero at any conditions, which is the
boundary condition for ZVS of S5 and Sg.

d=8p+m—2)/(6m—28) (11.12)

In this situation, since iy decreases during the time interval [#,, ;] and i; ,(#,) is
zero, it is obvious that i (#;) can still be ensured positive and so S;—S4 can still
achieve ZVS.

But this equation leads to another problem. The power transferred by the
converter in this case can be calculated as

P 7fOTS 2Vin (1)irx (£)dt

ok i (11.13)
_2[d*+ (1 —2¢) +d(2¢ — 0.5)|mVi T

Ly

Substituting (11.12) into (11.13) yields

T,V?
y = S [ 4(9m? — 36m +40) ¢
Lk(3m — 4)

+4(6m* — 19m + 12)p — (m — 1)(m — 2)] (11.14)
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(11.14) indicates that the power transferred has a minimum limitation. The
minimum power P,,;, can be expressed as

o MLV D(m-2)
O Li(3m? — 12m+8)

(11.15)

To sum up, based on the relationship of (11.8), ZVS for the auxiliary switches
can be achieved at light load, but cannot be ensured at heavy load. In comparison,
employing control strategy of (11.12), ZVS for the auxiliary switches can be
achieved over certain kind of loads since the minimum output power is limited.
Therefore, the two control laws can be combined together. So, the proposed control
strategy is given as (11.16).

6m—8

min{l 0.5 82tm21 6 — 8 <0

(11.16)

o {max{%0.5,8¢+m_2 . 6m—8>0

11.2.3 Control Diagram Implementation

The control block diagram is shown in Fig. 11.5. It consists of phase shift loop and
duty cycle loop. The phase shift loop is composed of output voltage loop and input
current loop and aimed to regulate the output voltage by phase shifting. The duty
cycle loop changes the duty cycle d for S5 and S¢ according to (11.16). G,(s) and
G(s) are the transfer functions of the output voltage regulator and the input current
regulator, respectively. H, and H; are sampling coefficients for v, and ij,.

If the input voltage is fixed and the output voltage v, is lower than its reference,
the phase shift ratio ¢ increases and the transferred power increases as well. Since
the load is fixed, v, will rise until it is equal to the reference value.

Eq.16) >

(Eq.16) PWM | Gating

Genert'vtmn Signals
unit ,

Fig. 11.5 Control block diagram
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11.3 Characteristic Analysis and Parameter Design

11.3.1 Power Transfer Characteristics

The system specifications are given in Table 11.2.

Based on (11.16), the power transfer characteristics curve of the proposed
converter is plotted in Fig. 11.6.

As shown in Fig. 11.6, the relationship between P, and ¢ is piecewise. For the
left piece, P, always increases monotonically with ¢ increasing. For the right piece,
P, also increases monotonically with ¢ increasing when Vi, <30V (m > L.5).
However, when V;, > 30 V (m < 1.5), the relationship between P, and ¢ is not
monotonic and P, exists a minimum point, of which the coordinate is given as
follows.

o= %
2(9m?—36m + 40
{P _ Vi (m=1)(m-2) (11.17)
o= LG -12m+8)

In order to avoid the possible instability caused by the non-monotonicity, the
minimum power point should be avoided and thus need to be higher than the rated
power. Following this principle, the leakage inductance L; needs to satisfy the
following relationship

Table 11.2 System

. : Symbol Value Symbol Value
specifications v 2436V L. L 8 uH
Vo 400 V C. 60 pF
P, 1 kW Cu, Cy 18.8 pF
fs 50 kHz Q1, Q2, Qia, Q2, | IPTOISN1ONS
lin 1:5 S1-S4 FDA50NS50
Ly 1.6 pH Ss, Se IXFH69N30P

Fig. 11.6 Power transfer
characteristics curve
2000 |

~ 1500 |
< 1000 |
2 I
& s00

25
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TV (m — 1)(m — 2)
Praea(3m? — 12m + 8)

Li< (11.18)

Under the specifications shown in Table 11.2, the design for L, should satisfy
the following relationship

Ly <1.745H (11.19)

11.3.2 Input Inductance Design

According to Table 11.2, ZVS condition for primary side switches is given by
—irx(to) > ira(to) (11.20)
Substituting (11.6) and (11.7) into (11.20) leads to
Lin(—8m@* +8mdo +m — 2) <Ly (11.21)
The range of ¢, d, and m can be summarized as the following
0<p<0.5
0<d<0.5

@+d<05
l.l<m<18

(11.22)

Based on (11.22), the following can be obtained from (11.21)

Lin(—8m@?* +8mdp +m — 2)
<Lin(2md* +m — 2) <Lip(11m/9 — 2) <0.2Li, (11.23)
Soif 0.2L;, < L, (11.21) will be satisfied at any condition. Therefore, in order to
ensure ZVS for the primary side switches, the input-side inductance can be
designed as

L, <5L; (1124)

Since L is designed as 1.6 pH, the input inductance can be designed as 8 pH.
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11.3.3 Clamping Capacitor Design

The design of the primary side clamping capacitor C.. should ensure that the voltage
ripple across C. is confined within a narrow range. Due to the symmetry of the
primary side modulation, only half a switching cycle [#y, t3) is analyzed. The
clamping capacitor voltage v(f) can be calculated by

ve(t) = /(i“(t) — i (2))dr | /Cc+ Vo (11.25)

fo

The three instants ¢,q, t,,, and t,3, denoted in Fig. 11.4, are the instants when iy
intersects with iy . The current iy, — ip, will charge/discharge C.. During [ty, #.1)
and (t,2, t3), iz 1s larger than iy, so C. will be charged and v will rise; during
(tx1, 1) and (1,3, 13), iy is smaller than iy i, so C. is discharged and v will fall. So,
the maximum of v is either at ¢, or at ¢,5, and minimum one is either at 7, or at z,,.
Letting i;; equal to iy yields

P, VinTs VooTs Vin 2Vin + Vo/(zn)
I =1 — R S
1=ft (2\/1,, Tan T L " L

P, VinTs  (4nViy, — Vo) oTy Vin  2Vin—Vo/n
to =1ty + + - —+
2Vm 4L1 nLk Ll Lk (1 126)

( Py VT, _ (2nVin(2d+20-1)+ (‘4‘/2)(1*01*@)>T<)

2, T 4L, Ly
Vin 2Vin—Vo/n
(L] + Ly

So, the voltage ripple AV across C, can be illustrated as

ta =1+

AVC = max{vc(txl), Vc(txg,)} — min{vc(to), Vc(l‘xz)} (1127)
In order that AV in not too large, the following criteria need to be satisfied

AVe  AVe
Ve o 2V

<5% (11.28)

However, due to the nonlinearity of (11.27), no analytical solution can be
obtained. Calculation for different input voltage and load conditions by the software
Mathcad shows that the maximum voltage ripple occurs for the case of 24 V input
and 1 kW load; so, we choose this case to design the clamping capacitor.
Substituting Vi, =24 V and P, = 1 kW into relevant equations and the critical
value for C, can be obtained
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C.>28.96 uF (11.29)

Since input-side switches are open-loop controlled with duty cycles fixed as
50%, margin should be considered. Thus, the clamping capacitor C. can be
designed as 60 pF.

11.3.4 High-Frequency Current Ripple Analysis

Figure 11.7 shows the input-side inductor current waveforms if the dead time is
ignored and all the devices are ideal. Duty cycles of all input-side switches are 50%,
so the average clamping capacitor voltage V is twice the input voltage and
expressed as

Ve = 2Vin (11.30)

During [Ty, T;], the voltage across L, is V;, — V¢ and that of L, is Vj,. During
[Ty, T;], the voltage across L, is V;, and that of L, is V;, — V. Hence, iy, and i;,
can be described as

VinT,s in
in(1) = h+m Lﬂ To), To<t<T
I — i"L° + 7 Y (t—Tl), T <t<T,
), Tt

i (1) = {12 (i '"( —To
L - V Vi
L+ zi"Lﬁ n-T), T

L,

11.31
LT, (11.31)

t<T,

3

\/\ |/\

I, and I, are the average currents of L; and L,, respectively. Assuming that the
values of L, and L, are identical, the input current i;, is obtained as

iin(l‘) =i (l) +l.L2(t) =L+ (1132)

It can be seen from (11.32) that input current i, is a constant DC value and there
is no high-frequency current ripple if L; and L, are identical. So, the proposed
converter can achieve high-frequency ripple-free input current theoretically.

Fig. 11.7 Input inductor R —
current waveforms neglecting 2.0 010 0. ,,
the dead time effect

i in
T~ __— 2

To T, T
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11.4 Simulation Results

Simulation is carried out by PSIM to verify the effectiveness of the proposed
topology and control strategy. It must be noted that the DC inductors are ideal for
the simulation. The system specifications are listed in Table 11.2.

Figure 11.8a illustrates the steady-state waveforms for the proposed converter
with fixed 50% duty cycle interleaving operation when the input voltage is 30 V
and the load is 1 kW. Figure 11.8b shows those for the conventional current-fed
DAB converter by using conventional interleaving operation of varying duty cycle
control.

As seen from Fig. 11.8, for the proposed converter and the proposed fixed 50%
duty cycle interleaving operation, both i;; and i;, rise linearly in a half switching
cycle and fall linearly in another half cycle. The absolute values of the rising and
falling slew rates are identical. Besides, i;; and i;, are 180° phase shifted. Thus, i,
is a constant DC value and contains no ripple at all. However, for the conventional
current-fed DAB, the high current ripple is still quite large even with interleaving
technology, because the duty cycle for input-side bottom switches is not fixed as
50%. This verifies the effectiveness of the proposed control in high-frequency ripple
reduction.

Figure 11.9 shows turning-on process of the Q;, Q;,, S, and Sg when the input
voltage is 24 V; the output power is 800 W, and d is decided only by (11.8).
Figure 11.9a shows the turning-on process of Qy, and S;. Figure 11.9b, ¢ shows
that of Q, and Se, respectively. For Q, Qy,, and Sy, the drain—source voltage falls to
zero before the gating signal is given, so ZVS for them is achieved. While for Se,
ZVS turn-on is lost. Actually, in this condition, the leakage inductor current is
positive when Sg is turned on, so it cannot discharge the junction capacitor of Se.

In comparison, Fig. 11.10 shows the ZVS achievement of S¢ with the same
working condition in Fig. 11.9. It is worth noting that d is obtained in (11.12).
d and d, are the duty cycle signals for Sz obtained by (11.8) and (11.12), respec-
tively. vgs_s¢ and vps_se are the gating signal and drain—source voltage of Se.

(a) (b)
400V 1
o ! Ved A 38‘,’,'/ i U yvab | "} Lh
1 dTI qus / — r -l r cd
h)
504 i 504 I
o4 Lk 04 Lk
g - lin
04 I3 04 U5 %
Time:10us/div Time:10us/div

Fig. 11.8 Steady-state waveforms with Vi, = 30 V, P, = 1 kW. a Proposed converter with fixed
50% duty cycle interleaving control for the input side; b conventional current-fed DAB with
varying duty cycle interleaving control for the input side
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Actually, in order to verify the control strategy accurately in the simulation, the

switches junction capacitor is set as small as 1
is needed to discharge the junction capacitor

pF, so only a very small negative iy
of S¢. For the aforementioned dis-

cussion of the ZVS conditions in Sect. 11.2, the energy required for achieving ZVS
is not considered and only the polarity of iy, is taken into account. So, the real

compensation is a little bit higher than

that in theory. It can be found

from Fig. 11.10 that i, turns negative before Sg is turned on, so S¢ can achieve

ZVS.
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11.5 Experimental Results
11.5.1 Prototype

A 1 kW prototype was fabricated to verify the proposed converter and control
strategy. The converter specifications are the same as those in Table 11.2. The
photograph of the prototype is shown in Fig. 11.11.

11.5.2 Experimental Waveforms for Positive Power Flow

Figure 11.11 shows the steady-state waveforms under different input voltage and
load conditions when the output-side duty cycle d is controlled only by (11.8). The
converter works well in wide input voltage range and wide load range.

It can be seen from Fig. 11.12 that the polarity of iy (z,), denoted in Fig. 11.4,
may vary with the input voltage and load. Hence, if d is only decided by (11.8) and
no compensation is done, ZVS for Ss and S¢ cannot be achieved in the whole
operation range. For example, when the input voltage is 24 V and the load is 1 kW,
iLx(t2) is positive and ZVS for the S5 and S¢ will be lost.

Just as the proposed control in (11.12) shows, d needs to be compensated in
certain cases to achieve ZVS for the auxiliary switches S5 and Sg.

Figure 11.13 shows steady-state waveforms under 24 V input and 1 kW load
condition using the proposed control. The duty cycle compensation is 0.1. As seen,
iLx(t2) is negative with proper compensation. Actually, the practical compensation

Control Board \
=N Leakage

Inductance

Transformer
Output Side Input Side

Input Side Inductances

Fig. 11.11 Photograph of the prototype
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Fig. 11.12 Steady-state waveforms when controlled by (11.8): a V;, =24V, P, =200 W.
bVy,=24V,P,=1kW.¢cV;;,=30V, P,=200W.d V;;,=30V, P,=1kW.e V;;, =36V,

P,=200W.fV, =

36 V, P, =1 kW

is a little bit larger than the theoretical value, due to the necessary energy to
discharge junction capacitors of MOSFETSs completely.

From the experimental results above, it can be seen that the proposed converter
can work in wide operation range with the proposed control.

Figure 11.14 shows the input current and its high-frequency AC component for
the conventional current-fed DAB employing conventional interleaving operation
with 1 kW load and 30 V input voltage. In comparison, Fig. 11.15 gives those
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Fig. 11.14 Experiment results of high-frequency current ripple for conventional current-fed DAB
using conventional interleaving technology; a input current, b AC component of input current

based on the proposed converter and the proposed interleaving control with 1 kW
load and different input voltage conditions, in which i, is the input current and Ai;,
is its AC component. Ai;; and Aij, represent the AC components of i;; and i;5,
respectively. As seen in Fig. 11.15, duty cycles for input-side switches are fixed as
50% in spite of input voltage variation, and thus it can achieve minimal
high-frequency input current ripple.

In Fig. 11.14, the peak—peak value of the high-frequency input current ripple can
reach 16.4 A when the input voltage is 30 V and the load is 1 kW; while in
Fig. 11.15, it is only 1.5, 1.7, and 2 A in case of 24, 30, and 36 V input voltage,
respectively. As shown, the high-frequency input current ripple for the proposed
converter and control can be suppressed to be minimum while that for the con-
ventional current-fed DAB is relatively high. Unlike the ideal simulation results as
shown in Fig. 11.8a, the rather small ripple in Fig. 11.15 may come from the
mismatch of L; and L, inductance values, resonance process during the dead time,
parasitic resistors of inductors, and parasitic parameters of power semiconductors.

Figure 11.16 illustrates the turning-on process of input-side bottom switch Q;
under different input voltage and load conditions. As seen, Q; can achieve ZVS
within wide input voltage range and wide load range. From analysis in Sect. 11.2, it
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Fig. 11.15 Experiment results of high-frequency current ripple for proposed converter using 50%
duty cycle interleaving operation: a Vi, = 24 V input current, b V;, =24 V AC component of
input current, ¢ Vi, =30V input current, d Vi, =30 V AC component of input current,
e V;, =36 V input current, f Vi, = 36 V AC component of input current

is easier for input-side top switches than bottom switches to achieve ZVS. Hence,
Q1. and Q,, can achieve ZVS too.

Figure 11.17 illustrates the ZVS process of S; under different input voltage and
load cases. It can be found out that S; can achieve ZVS within wide input voltage
range and wide load range. Actually, S; and S, are relatively easy to achieve ZVS.

For S, it is turned on at the same time with Sy, so the resonance current for ZVS
achieving of S; and S, is also the same. While the voltage across S, in off state is
V./2, and that across S, is V. Hence, S, can obtain ZVS as well once ZVS of S, is
achieved.

Figure 11.18 illustrates ZVS process of the auxiliary switch Ss. It can be seen
that S5 can achieve ZVS with the proposed control strategy in wide operation range.
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Fig. 11.16 Soft switching waveforms for Q;: a V;; =24V, P,=200W. b V;; =24V,
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The experimental waveforms above show that the proposed converter works
well within wide input voltage range and wide load range. Meanwhile, all the
switches can achieve ZVS by the proposed control and proper inductance design.
Besides, the input current high-frequency ripple can be suppressed to nearly zero in
theory; low-frequency current ripple can also be reduced significantly when pow-
ering a single-phase inverter load. This verifies the effectiveness of the proposed
converter and control.

For the proposed converter, efficiency of the main circuit under different input
voltage and different load conditions for positive power flow was measured. The
efficiency curves are illustrated in Fig. 11.19. As seen, for the same input voltage,
the efficiency of the main circuit increases with the transferred power P, increasing
until the efficiency reaches its maximum value. The maximum conversion effi-
ciency can exceed 95%.

For the proposed converter, the conduction loss can be reduced without using
rectifying diodes for the output side since high-voltage rating diodes normally have
relatively higher voltage drop compared with voltage drop over power MOSFETs.
ZVS achievement for all switches in wide operation range helps to reduce switching
loss. Comparing with conventional current-fed DAB converters employing varying
duty cycle control at the input side [7, 8], duty cycles for input-side bottom switches
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Fig. 11.17 Soft switching waveforms for S;: a V;, =24V, P,=200W. b V;, =24V,
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are fixed as 50%, so both the ripple and the RMS values of the individual DC
inductor currents are reduced for the same working condition. This causes the
reduction of both the core loss and copper loss for DC inductors. The aforemen-
tioned attributes contribute to the conversion efficiency improvement.

11.5.3 Experimental Waveforms for Negative Power Flow

Figure 11.20 shows the steady-state waveforms when the power flow direction is
reversed. As seen, the converter can also work stably and effectively. One thing
needed to be pointed out is that the phase shift ratio ¢ may be positive for some
negative power flow cases. This is because that when d is neither 0 nor 50%, the
zero-crossing point of fundamental for v, leads to the zero-crossing point of v, in
phase. Hence, the fundamental component of v,;, may lag behind that of v.; even for
a positive value of ¢, resulting in negative power flow.

Figure 11.21 shows the high-frequency input current ripple for the proposed
converter with fixed 50% modulation and —1 kW load. It is obvious that the
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low-voltage side duty cycles are fixed as 50% in spite of input voltage and load
variation. As a result, the high-frequency current ripple can be reduced to be nearly
zero.

Figure 11.22 illustrates the turning-on process of low-voltage side upper switch
Q. for different voltage and load conditions. As seen, the drain—source voltage of
Q1. has fallen to zero before the driving signal turns to high, so ZVS is achieved.
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Besides, Q; can also achieve ZVS since Q, is easier than Q,, to achieve ZVS under
negative power flow conditions.

Figure 11.23 illustrates the ZVS process of S; under different voltage and load
cases. It can be found out that S, can achieve ZVS within wide input voltage range
and wide load range. It should be pointed out that the phase shift ratio ¢ is nearly
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zero in case of 36 V and —1 kW, so the current i; y is very small when S; is turned
on, which cannot discharge the junction capacitor of S; completely and oscillation
occurs. This can be seen in Fig. 11.23d, but ZVS for S, is still achieved if
neglecting the energy stored in the junction capacitor.
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Figure 11.24 illustrates ZVS process of Ss. When Ss is turned on, the leakage
inductance current iy, is positive, which will discharge its output capacitance, so Ss
can achieve ZVS by the proposed control strategy within wide operation range.

The experimental results in this section show that the proposed converter can
also work well within operation range for the negative power flow. ZVS for all
switches can be ensured by the proposed control strategy and proper parameter
design. Besides, high-frequency input current ripple can be reduced significantly.
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11.6 Conclusion

In this chapter, a novel current-fed hybrid dual active bridge DC-DC converter is
proposed for fuel cell power conditioning system. For the proposed converter, duty
cycles for all the input-side switches are fixed as 50% and gating signals of the dual
interleaved boost circuits are 180° phase shifted. Thus, the converter with the
proposed control can achieve less high-frequency input current ripple than that by
using conventional interleaving technology with variable duty cycle control. In
addition, by using the proposed control strategy, all the power switches can achieve
ZVS within wide input voltage range and wide load range. The effectiveness of the
proposed converter and control strategy has been verified by simulation and
experimental results.
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Chapter 12 )
Dynamic Response Improvements gt
of Parallel-Connected Bidirectional

DC-DC Converters

Abstract Parallel-connected modular current-fed bidirectional DC-DC converters
are used for the AC motor drive system powered by batteries with low voltage and
wide voltage range. The input current ripple can be reduced significantly by
employing interleaving technology not only for individual module but also for all
the modules. A current-sharing control strategy is applied for the constituent
modules. Double pulse width modulation plus double phase shifted control with
equal duty cycles for one module can minimize the circulation loss and avoid
non-active power issue. Factors affecting dynamic performance are investigated
based on the small-signal modeling. The leakage inductance value is optimized in
view of system reliability and better dynamic performance. Besides, to improve the
dynamic performance further, feed-forward control employing optimized
feed-forward coefficient based on the small-signal analysis is implemented. A 4 kW
prototype composed of two bidirectional DC-DC converters is built to verify the
effectiveness for the proposed control strategy in AC motor drive application with
fast regenerative braking.

Keywords Parallel-connected - DC-DC converter - Current-sharing
Dynamic performance - Feed-forward control - Motor drive

12.1 The Drive System Overview and DPDPS Control

In the low-voltage and high-power rating applications, it is not good for one module
to handle such large current at LVS. Parallel-connected modular power converters
can be a good solution [1]. A bidirectional interleaved current-fed converter was
proposed for energy storage system [2]. Current sharing can be achieved by
common phase shift [3] or common duty cycle [4] control for parallel-connected
bidirectional DC-DC converters [5] or unidirectional DC-DC converters. The
unidirectional is not really modular configuration due to the connection of the
rectifier stage. The dynamic performance may be limited due to the lack of current
loops.
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Besides, steady-state performances of the DAB, such as circulation loss and
non-active current reduction, soft switching for LVS side switches, have been
discussed extensively in previous works [6, 7]. The equivalent leakage inductance
value has been designed in an optimal way to achieve ZVS, but its effect on the
dynamic performance is seldom addressed. Actually, dynamic performance is also
important for DAB converters especially for electrical motor drive application
which requires fast dynamic response. During the motor acceleration stage, the
voltage of the DC bus will drop and may cause under voltage protection for the
inverter. On the other hand, the DC bus voltage may increase sharply during the
braking stage. Thus, fast dynamic performance must be obtained in electrical drive
application where the motor acceleration and braking occur frequently.

To obtain fast dynamic performance, the small-signal analysis is widely used [8—
10]. State-space averaging technique can be used to derive the small-signal model,
and a closed two-loop controller is designed for current-fed DAB to obtain good
transient performance [11]. To improve the dynamic response and suppress the
second harmonics further, feed-forward control is used for unidirectional DC-DC
converters employing PWM control [12—16]. In comparison, for bidirectional DAB
DC-DC converters, the switches are not only PWM modulated but also phase
shifted, and its small-signal model is very complicated since there are more
subintervals during one entire switching cycle. The output impedance expression of
the DAB DC-DC is more complicated as well.

The basic block diagram of the motor drive system is shown in Fig. 12.1. The
system is composed of a battery pack, a DC-DC converter, a DC—AC inverter, and a
motor. The DC-DC converter consists of two parallel-connected CF-DAB DC-DC
modules. The LVS is connected to the battery pack whose voltage range is 18-28 V.
The HVS is connected to the DC-AC inverter, and its rated voltage is 300 V/DC.

The proposed topology is shown in Fig. 12.2. For the HVS, a full bridge is made
of S;-=S,4. In the LVS, L; and L, are the DC inductors. Q; and Q, are bottom
MOSFETs while Q,, and Q,,, are top switches. The equivalent leakage inductance
L, represents the sum of the external AC inductance and the primary-referred
transformer leakage inductance.

To minimize the non-active power and peak current, PWM control can be
employed just like the LVS with the same duty cycle for the HVS. Thus, both v,
and v, have the same shape but they are phase shifted according to the transferred

e
Inverter I@
S

Lin lin

DC-DC
Converter#1

DC-DC
Converter#2

Fig. 12.1 Basic block diagram of the motor drive system
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Fig. 12.2 Parallel connection of CF-DAB DC-DC converters

power. The steady-state waveforms in boost and buck mode of module #1 during
one complete period can be seen in Fig. 12.3. With the interleaving PWM modu-
lation not only for one module but also for two modules, the LVS current ripple can
be minimized, which can be seen in Fig. 12.3c. Figure 12.3a illustrates the oper-
ating waveforms in boost mode. The LVS top and bottom switches are gated with
complementary PWM signals. The PWM duty cycles for LVS bottom switches Q;
and Q) are equal, but their PWM gating signals are interleaved with each other. ¢ is
defined as the phase shift angle between rising edges of Q and S;. The voltage v,
is high-frequency alternating voltage. The voltage v, leads v,. During the circu-
lation stage [05, 0,], the leakage current drops to zero and stays at zero within the
circulation stage range [0, 0,] until the power transfer stage begins. Thus, during
the circulation stage, the conduction loss can be reduced. ZVS can be ensured for
the LVS switches in spite of the power flow direction [5]. For the HVS, the lagging
leg S2 and S4 can achieve ZVS on while the leading leg switches S1 and S3 can
obtain ZCS on. In buck mode as shown in Fig. 12.3b, for the HVS switches, the
lagging leg switches S2 and S4 can achieve ZCS while the leading leg switches S1
and S3 can obtain ZVS on. It is worth noting, during one complete cycle, there is no
non-active power by neglecting the effect of the magnetizing inductance.
Figure 12.3c plots the battery side current curves by using the interleaving tech-
nology not only for each module but also between the two modules. In this way, the
battery side current ripple frequency is four times the switching frequency and the
current ripple can be reduced significantly.
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Fig. 12.3 Steady-state waveforms of DPDPS with identical duty cycles in boost and buck mode:
a boost mode for module #1, b buck mode for module #1, ¢ battery side current reduction by
interleaving technology

12.2 Current-Sharing and Small-Signal Modeling

12.2.1 Implementation of the Current Sharing

The control block diagram for two modules in parallel connection is shown in
Fig. 12.4. As can be seen in Fig. 12.4, the current-sharing control scheme consists
of one common output voltage loop and two inner current loops. The sum of the
voltage compensation loop output and the feed-forward current provides the
common reference for both the individual inner current loops. Therefore, current
sharing between the two modules can be obtained. For individual modules, the
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control is composed of a phase shift control and a PWM control loop [5]. It should
be noted the high-voltage current i, is sensed for the feed-forward control.

12.2.2 Small-Signal Modeling

To simplify the analysis, the dead time effect is ignored. There are eight operation
modes in a switching cycle. Figure 12.5 shows the simplified key waveforms of all
the modes in a complete switching cycle for module #1.
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As can be seen in Fig. 12.2, the values iz, iz, and v, are viewed as state
variables; d is the duty cycle for bottom switches Q; and Q,. ¢ is the phase shift
angle; vy, is the LVS voltage; v, is the HVS voltage; ¢ = ® + ¢;d = D + d; the
initial currents in L,, L; and L, are I, I;; and I, respectively. The turns ratio of the

transformer is N;:N, = N.

The small-signal model of each module can be derived as follows

1[\gode] I Cd d&"" =0,L; dé"' = Vin, Lo % = Vin
9 qo . V,

iy = <(:,d>rr‘ (0-9)
Mode II dhd_OLdI“:V' LZ%:‘}_ 0. =0
[(P, (Zd—l)n] 1 dr in» dr ins LLr
Mode III

[2d-Dr, 2d—1)n + ¢]

(d_

iry — i, Ly % = Vin — Veds
L, dl” = Vin, iy = fa, [6 - (2d - 1)7.[}

oL,

Mode IV
[2d—1)r + ¢, 7]

W)z

12 —
L, dj Vin, iy = oL, P

. d;
{ “’ =ip1 = ipr, L1~ = Vin = Vea

Mode V d‘u/ =0,L; dlu — Vlml/z dle = Vin,
[m, T+ @] ; (\[r,),‘ d;)+
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d o Ly S =y
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where {(v.;) Ts denotes the average of v., over an interval of length T:

(vea) = ({7 veadr) /T,

Then, the average model can be derived as follows

Ca~q, =
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_(ILI"‘ILZ_ZX;Z,(D)d_ [( Z ]Vcd
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The transfer function of the phase angle perturbation ¢ to the two DC inductor
current perturbations ng and §L2 can be expressed as the following, respectively,

G, o (5) _in(s)| B 2(1-D)(1 =D —2)V,y
O () fl(S() ):_00  OLL.Cys> +2[(1 — D)YO — LJLis+ (1 — D)’ol,
f/;n(s) =0
in(s) =0
(12.2)
Guuo(s) = 20| _ 2(1-D)(1 —D— L)V
e (s) ?(S() )2_00 oLy L,Cys? +2[(1 — D)® — LLys + (1 — D)oL,
iols) = 0
iLl(S) =0
(12.3)

Supposing that Ly =L, =L, C4 = C4=C, V.;=NV,, the transfer function
from § to i, (input current perturbation of module #1) can be written by

i (5) 4(1-D)(1 - D —2)NV,

Gi S) = — — B
—o#1(8) ¢1(5)  wLL,Cs2 +2[(1 — D)® — L]Ls + (1 — D)’ oL,

(12.4)

According to the power conservation vyi, = Viuiin, the perturbation of the output
voltage is written by

o Vindin vi;lin — Volo (12.5)
o

The complete block diagram of the regulator system on the small-signal model
of module #1 is shown in Fig. 12.6. K,, is the feed-forward control coefficient. The
output voltage variations ¥, can therefore be expressed as a linear combination of
three independent inputs: the input voltage variations V;,, the input current varia-
tions i, and the load current variations i,, where
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Fig. 12.6 Complete block diagrams on the small-signal model
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As can be seen in the control system block diagram shown in Fig. 12.6, when K|,
is 0, the converter output impedance of the closed loop is written by

Zoi(s) = Do (s) R _ Zow(s) (s) = K1, Gy (5)Goi(5)Gi(s)Gi_o(s)
? —io(s)| Pin = % 1+7(s)’ 1+ K:Gi(5)Gi_o(s)
= “loop gair:lf” (12.7)

where the loop gain 7(s) is defined in general as the product of the gains around the
forward and feedback paths of the loop. If K,, is not zero, the feed-forward control
works and the output impedance of the closed loop can be expressed as

palyy 2 B [ Zals) - K0 Zou(s)(1 = M(5))
02 Tols)| Vi = 0 L+T(s) 1+T(s)
b= 0 (12.8)
K,T(s) K,Gi(5)Gi_y(s)

<
Y
O

T KGo()Zow(s)  (Vo/Vin)[1 + KiGi(5)Gi_y(s)]

12.2.3 Analysis of the Current Sharing

According to (12.4), for module #2, this transfer function can be expressed as

iin2 (S)

P (s)

Gi_ppa(s) =

4(1 - D)(1 - D, — 2NV, (12.9)

OL Ly Cys? +2[(1 — Dy)®, — LLos + (1 — Dy) ol
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And define the following

ay

Al=—————=Gi_ou1(5),
bis?+cis+d; —
s @ o (S) (12.10)
27 bzsz +cas+do T Tie#2

From the control loop in Fig. 12.6, the phase shift angle perturbations can be
written as

#1(5) = E1Vo + Fiio + Hilint, 92() = Eavo + Falo + Haiin

Ei = Ey = —K;,G,Gi, Fi = F> = K, G, (12.11)
H, =H, = _Kﬁ(vai+ %) _Is4+m

s

where
l=—-KpK, iy, m=—KK; ; (12.12)

From (12.5) and (12.9-12.12), the transfer function from the total LVS current to
the difference between the two LVS currents is written by

it — > _ (A1EL = AsEp)Vin /o + (A1 Fy — AF)Vin Vo (12.13)
S (1 — A Hy)(1 — AyHy) '

lin

In combination with expressions of Ay, E|, F, H|, Ay, E,, F>, and H,, the
characteristic equation can be derived as

G(s) = bybys® + (b1ca +b2€1)S5 + (c1c2 + bidy — brasl + bad; — bzall)s4
+ (—albzm — arbym+crdy — ajcal +c1dy — azcll)s3
+ (*(116'271’[ —aycym+ d1d2 — dldzl — azdll+ a1a212)52

+ (—aydym — a2d1m+2a1azlm)s+a1a2m2 (12.14)

As can be seen in (12.14), the feed-forward coefficient K, does not exist in the
characteristic equation. This implies that the system reliability is not affected by
different feed-forward coefficient K,,. As can be seen in (12.14), b1b, > 0. For the
system to be stable, the first of the Routh array must have the same sign. So the
proper selection of different compensator parameters can be got by (12.14).

12.2.4 System Stability Analysis

The system is stable when the load variation or source voltage variation is large.
The root locus of a single current-fed DC-DC converter is given to show the
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stability. From the small-signal model block diagram illustrated in Fig. 12.6, the
transfer function for one module can be derived as

Wu(s) G()G()Gi()Gr_o ) 1215
Vref () Ko Gri(s)Gy(5)Gi(5)Gi_y(5) + KGi(5)Gi_o(s) + 1
Then, the system characteristic equation can be obtained as
qas* + q35° + @25 + qis+q0 = 0 (12.16)
where
gs = wLL,Cy
o = 21((1 - Dyo 1

VinZ (]
K, K, i(1-D)(1—D— E)NVO

q2 = 4Kfo

@

+4KK,_i(1 = D)(1 =D — )NV, + (1 — D)’wL,
Y

‘/inZOl,l[

o

(0]
q1 = 4ng (1 — D)(l —D— Z—)NVQ(vavKl'vl' +Kivapvi)
T

@
+4KpK;_i(1 = D)(1 = D~ NV,
Y
‘/iHZOLII

o}

(0]
qo = 4Kf0 (1 — D)(l —D— Z_)NVOKi_VKi_i
T

Figure 12.7 illustrates the root locus curves when the output power P, changes
at vi,= 18 V based on (12.16) and the system specifications given in Table 12.1.
The four roots of the system characteristic equation are illustrated in Fig. 12.7a. The
two roots that are closed to the imaginary axis are overlapped, and they are shown
in detail in Fig. 12.7b, c, and d. As can be seen, when the output power changes
from 100 W to 2 kW, all the system poles are in the left-half plane. That means the
system is stable at different loads.

Figure 12.8 illustrates the root locus curves when the output power P, changes
at v;,= 28 V. As can be seen, all the system poles are in the left-half plane, the
system is stable at different loads at v;,= 28 V.

In conclusion, if the controller parameters are designed properly, the system is
stable when vy, is in the range of 18-28 V and P, is lower than the rated 4 kW
output.
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Fig. 12.7 Root locus when P, changes at 18 V input

Table 12.1 Calculation Rated power P, |4 kW Li=L,=L |11 pH

specifications HVS (1) 300 V C, Cop 30/22 uF
LVS (vin) 1828V | NN, 2:10
Switching f 50 kHz L, 1.0 pH

12.3 Feed-Forward Effect on the Dynamic Performance

12.3.1 Design of the Feed-Forward Coefficient K,

According to (12.7-12.8), if 1 — M(s) = 0, the output impedance is zero, so the
feed-forward coefficient K, should be

Ko Gy(5)Zou(s) _ (Vo/Vin)[1 + KiGi(s)Gi_o(s)]

A T R Gi(5)Gr_y(s)

(12.17)

As can be seen in (12.17), the expression of feed-forward coefficient K,, is rather
complicated and hard to be implemented if the output impedance is controlled to be
zero ideally.

Actually, to simplify the design, the value of 1 — M(s) can be chosen to be a
very small value. Figure 12.9 illustrates the magnitude curves for the closed-loop
output impedance without and with the feed-forward using different coefficients. As
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Fig. 12.9 Magnitude curves: a 1 — M(s) = 0.1; b 1 — M(s) = 0.01

can be seen in Fig. 12.9a and b, when the feed-forward is effective, the output
impedance can be reduced dramatically. As illustrated, the output impedance drops
as the value of 1 — M(s) decreases.

According to (12.8), the magnitude curve of 1 and G{(s)G,_,(s) are shown in the
Fig. 12.10. As seen, when the frequency is in the low-frequency range, the value
|Gi(s)G;_,,(s)| > |1]. Because the load is the motor, the perturbation of the load
current variations i, mainly comes from the low-frequency range. So the
feed-forward coefficient K, can be optimized and selected approximately as



12.3  Feed-Forward Effect on the Dynamic Performance 291
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K, ~ (Vo/Vm)Kﬁ = Kop (1218)
Substituting (12.18) into (12.8) yields
K{)T Kz i i_q
M(s) () o _KiGil5)Gio(s) _ Mop(s) (12.19)

B Kfon(s)Zoul(s) - 1 +KﬁGi(s)GiAq7(s)

12.3.2 Feed-Forward Effect on the Dynamic Performance

As can be seen in Fig. 12.11a, if K, has been selected as the optimized value K,,,, it
is easy to be implemented in practical application. When the feed-forward control is
effective, the output impedance can be reduced dramatically. As can be seen in
Fig. 12.11b, if the feed-forward coefficient K, is greater than or less than the
optimal K, the output impedance is not the minimum in the low-frequency region.
This shows that K, is the optimal feed-forward coefficient. It is well known that the
output voltage is less sensitive to the load current variation as output impedance
becomes smaller. So the feed-forward loop can improve the dynamic performance.

12.3.3 Simulation Verification

Figure 12.12 shows the simulation results of one module in facing load transients
and braking using the PSIM with and without the feed-forward control. As illus-
trated in Fig. 12.12a, better dynamic response in facing step load change from
200 W to 3 kW can be obtained with the feed-forward control. As can be seen in
Fig. 12.12b, with the feed-forward control, the DC bus voltage spike can be
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200 W to 3 kW, b braking
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suppressed compared to which without the feed-forward control. Thus, the
feed-forward control can improve the system dynamic performance.

12.4 Leakage Inductance Effect on the Steady State
and Dynamic Performance

12.4.1 Leakage Inductance Value Optimal Design and Its
Effect on the Steady-State Performance

If the leakage inductance value is designed to be very small, leakage inductance
current may be very high especially during the start-up procedure. Figure 12.13
shows the leakage inductance current curve during the start-up procedure since the
output voltage is rather small initially. It should be noted that the worst case is that
the duty cycle of the primary transformer voltage v,, is 50% while the output
voltage is zero.

As can be seen in Fig. 12.13, the voltage across the leakage inductance is that L,.
di/dt = V.4 = N,Vy/N,= 60 V. The peak current can be expressed by

i _Vcdevxl_Vchs
L N A AT

(12.20)

Since the LVS switch Q; is two IXFN360N15T2 in parallel connection, the
rated current of the MOSFET is 310 A. Thus, the maximum peak current is
designed to be the half of the rating current

Vcd Ts
4L,

Dpeak = <310 A= L, > 096 uH (12.21)

Therefore, to suppress the rush current especially at the start-up process, the
leakage inductance value L, is designed no less than 1.0 pH. But different leakage
inductance values may cause different current stress. As can be seen in Fig. 12.3,
the leakage inductance current i;, RMS and peak values of one module can be
written by

A AV /___}._]pw/f i, ¥ Z
/ \/' Vcd / >l
£
/ T \\>/

N

Fig. 12.13 Leakage inductance current during the start-up
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Fig. 12.14 Comparison of current i, in boost mode: a RMS value at 500 W output, b RMS value
at 2 kW output, ¢ peak value at 500 W output, d peak value at 2 kW output

21 e 6n—6Dn—
I, rRMS = m = (ui(:J \V 3n : (12.22)

cd(/)

I Lr_peak —

Based on (12.22), the RMS and peak values of current iy, versus the LVS
voltage v;, in boost mode is illustrated in Fig. 12.14. As seen, when L, = 1.0 pH,
the RMS and peak values of the leakage inductance current can be reduced sig-
nificantly under the same conditions including load, LVS voltage and HVS voltage.
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12.4.2 Feed-Forward Effect on the Dynamic Performance

According to (12.8) and (12.19), Fig. 12.15 gives the comparison of magnitude
curves of the closed-loop output impedance at different leakage inductance. As can
be seen in Fig. 12.15, as the equivalent leakage inductance value decreases, the
output impedance value drops as well. It is well known that the output voltage is
less sensitive to the load current variation as output impedance becomes smaller.
Thus, the smaller the leakage inductance is, the better the dynamic performance is.

Figure 12.16 shows the simulation results of one module during the start-up
process, load transients and braking stage using the PSIM with different leakage
inductance values. In Fig. 12.16a, better dynamic response in facing step load
change from 200 W to 3 kW can be obtained when the leakage inductance value is
smaller. As can be seen in Fig. 12.16b, the DC bus voltage spike is lower during the
braking stage with smaller leakage inductance value. Thus, the converter is pre-
ferred to operate with smaller leakage inductance to achieve better dynamic
performance.

Figure 12.17 illustrates the circuit AC sweep results by PSIM simulation. As
seen, the crossover frequency varies from 400 to 790 Hz as the leakage inductance
value decreases from 2.0 to 1.0 pH. Thus, smaller leakage inductance leads to
better dynamic performance.
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Fig. 12.16 Simulation results with L, = 1.0 pH and L, = 2.0 pH: a load change from 200 W to
3 kW, b braking

12.5 Experimental Verifications

12.5.1 Prototype

A 4 kW experimental prototype has been built in order to verify the effectiveness of
the converter with the proposed control. Figure 12.18 gives the laboratory proto-
type picture.

12.5.2 Steady-State Operation

Figure 12.19 gives the experimental results of module #1 at rated load (2 kW) in
boost mode with the minimum and maximum input voltages. As can be seen, with
the proposed DPDPS control, the leakage inductance peak current is reduced, and
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Fig. 12.19 Experimental results of module #1 with DPDPS control in boost mode at 2 kW
output: a with v;,= 18 V; b with v;;= 28 V

the circulation loss can be minimized because the leakage inductance current
remains as zero during the circulation stage.

Figure 12.20 gives the experimental results of module #1 at rated load (2 kW) in
buck mode with the minimum and maximum output voltages. As can be seen, with
the proposed DPDPS control, the leakage inductance peak current is reduced, and
the circulation loss can be minimized.
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12.5.3 Soft Switching Waveforms

With the proposed control strategy, all the switches on the LVS can achieve ZVS
turn-on. For the HVS, half of the switches can be turned on at ZVS, while the other

switches can be turned on at ZCS. The
verified the theoretical analysis.

experimental results in Fig. 12.21 have
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Figure 12.21 gives the soft switching states for the switches at full load (2 kW)
with 24 V input in the boost mode. As shown in Fig. 12.21a and b, both Q; and Q,,,
can be turned on with ZVS. As can be seen in Fig. 12.21c and d, for the HVS
switches, the leading leg switch S; can achieve ZCS turn-on while the lagging
switch S, can achieve ZVS turn-on. The soft switching waveforms are similar in the
buck mode.

12.5.4 Dynamic Performance with Inverter
Driven AC Motor

Figure 12.22 shows the experimental results of motor drive, without and with
feed-forward, respectively. v, is the HVS voltage of the DC-DC converter, and i, is
the HVS total current. i, is the LVS total current. As seen, during the braking
period, the braking kinetic energy is converted into the electrical energy, making
the HVS voltage increase. This makes the power flow from the HVS to LVS and
charges the battery. As can be seen in Fig. 12.22a and d, due to the feed-forward
control, the voltage drop is obviously reduced from 125 to 25 V and the dynamic
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Fig. 12.22 Experimental results with motor drive: a without feed-forward, b with feed-forward

coefficient 0.5K,,, ¢ with feed-forward coefficient 1.2K;,, d with feed-forward coefficient K,
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performance is better and greatly improved. As can be seen in Fig. 12.22b and c,
when the feed-forward coefficient K, (0.5K,, or 1.2K,;,) is greater than or less than
the optimal value K., the voltage drop is obviously reduced from 125 to 107 V and
100 V, respectively. The dynamic performance is not the best.

12.5.5 Experimental Results of Current Sharing

As can be seen in Fig. 12.23a, the output currents of the two modules are equal to
each other during the acceleration and braking periods. It implies excellent power
sharing can be achieved even in transients. As can be seen in Fig. 12.23b, with the
interleaving PWM modulation, the LVS current ripple can be minimized, increasing
the battery lifetime.

12.5.6 Efficiency

The efficiency of the system at different loads and different source voltages is shown
in Fig. 12.24. At rated load at 28 V input, the efficiency is over 95%. Since the
conduction loss is larger at low battery voltage (18 V) than high battery voltage
(28 V), the efficiency is higher at high source voltage (28 V) at heavy load.
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Fig. 12.23 Experimental results of current sharing: a OCS between two modules; b the ripple of
input current
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Fig. 12.24 Conversion efficiency

12.6 Conclusion

The chapter proposes parallel-connected current-fed modular bidirectional DC-DC
converters for electrical drive powered by low-voltage battery. Based on the
small-signal modeling employing the DPDPS control, the feed-forward control with
the optimal coefficient can improve the system dynamic performance significantly.
If the leakage inductance value can ensure the safe operation of the system, the
smaller value can improve the system dynamic performance and reduce the RMS
and peak current. With the proposed current-sharing strategy, excellent power
sharing can be obtained not only under steady state but also in transients including
the motor acceleration and braking regeneration. The ripple for the charge/discharge
current of the battery can be minimized significantly with the interleaving tech-
nology not only within each module but also among all the constituent modules.
The validity of the control strategy and converter has been verified by experimental
results of a 4 kW prototype.
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