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ABSTRACT

The range anxiety and relatively long charging time issues of electric vehicles
(EVs) have boosted the development of fast charging technology. With charging
light EVs being the main focus in the past decade, a trend of promoting the charg-
ing infrastructures dedicated to heavy-duty EVs (HDEVs) such as E-trucks, and E-
buses has emerged to further the electrification of global transportation. Accord-
ingly, the market is calling for advantageous architectures and circuit topolo-
gies specialized in the fast charging of HDEVs. For the charging of HDEVs, the
power rating of chargers can reach an ultra-high power level (>1 MW) to ensure
a charging time comparable to the refueling time of internal combustion engine
(ICE) vehicles. At this power rating, the conventional full power processing (FPP)
AC-DC plus DC-DC two-stage architecture has limited space for improvement in
terms of the efficiency and effective cost of the charger circuits.

This thesis proposes a solution to the HDEV fast charger topologies. Firstly, the
state-of-the-art EV fast charging technology, concepts of the hybrid rectifier, and
partial power processing (PPP), which could be beneficial in advancing the charg-
ing architecture are reviewed. A new unidirectional Input-Parallel-Output-Series
(IPOS) three-phase hybrid rectifier topology is proposed and analyzed. The IPOS
topology is advantageous at ultra-high power rating to interface the next-generation
heavy-duty EV batteries which require a high and wide output voltage range of
800~1500 V with available 600/1200V commercial semiconductors. Besides, the
proposed topology is efficient, cost-effective, and scalable with the grid input
current harmonic components in compliance with the IEEE-519 standard. The
benefits of the IPOS topology are supported by circuit derivation, control strat-
egy, analytical modelling, simulation, and experimental verification.

Index terms—fast charging, hybrid rectifier, partial power processing, power fac-
tor correction, AC-DC converter






CONTENTS

Acknowledgements

Abstract

List of Figures

List of Tables

1 Introduction

1.1

1.2

Background And Motivation. . . . . ... ... ... ... ... ...
1.1.1 Background. ... ... ... ... ... .. ..
1.1.2 Motivation . . . .. ... ... e

Research Objectives . . . . . . . . . . .. ...

2 Literature Review

2.1

2.2

2.3

Introduction . . . . ... .. e
EV Fast Charging Technology . . . . . .. ...............
2.2.1 Standards Of FastCharging . . .. ... ............
2.2.2  Architectures And Topologies . . . .. ... ..........
2.2.2.1 Charging Station Architectures . . . . . ... ... ..
2.2.2.2 Front-End AC-DC Converter Topologies . . .. . ..
2.2.2.3 Back-End DC-DC Converter Topologies . ... ...

Partial Power Processing. . . . . . .. ... ... ... . 0.,

vii

iii



viii

CONTENTS

24 HybridRectifier. . . . ... ... ... .. oo,

2.4.1 Active Power Factor Correction (PFC). . . . ... ..

3 Proposed Hybrid Rectifier Topology

3.1 TopologyDerivation . . . .. ... ..............
3.2 ControlStrategy . . . .. .. ... ...
3.2.1 ActivePFCControl . . . . ... ... .........
3.2.2 Control Of The Isolated DC-DC Converter . . . . . .
3.2.3 Constraints Of The Unidirectional Power Flow. . . .
3.3 Passive Components Parameter Design . . ... ... ...
3.3.1 BoostPFCRectifier. . ... ... ... ........
3.3.2 Unidirectional T-Type Rectifier . . . . ... ... ..

3.3.3 PSFBConverter. . . .. .. . . v v,

4 Simulation And Modelling

4.1 AnalyticalModelling. . . . ... ... ... .........
4.1.1 Semiconductor Losses Modelling . . . . .. ... ..
4.1.1.1 ConductionLosses . ... ...........

4.1.1.2 SwitchinglLosses . ... ............

4.1.2 Passive Component Losses Modelling . . . ... ..

4.1.2.1 Inductive Component Losses Modelling
4.1.2.2 Inductive Component Optimized Design

4.1.2.3 Capacitive Component Losses Modelling

4.1.3 Analytical ModellingResults. . . . . ... ......

4.2 SimulationResults . . .. ... ... ... . . .. . .....

5 Experimental Verification

5.1 ExperimentalSetup .. ....................



5.2 ExperimentalResults. . . . .. ... ... ... ... .. ... ...,

6 Conclusion And Future Work
6.1 Conclusion . . . . . . . . . . . . . e e

6.2 FutureWork. . . . ... ... . ..
Bibliography

Appendix A Power-Sharing Ratio Constraints

71
72
72

75

82






LIST OF FIGURES

1.1 Fast publicly available chargers 2015-2021 (1] . ... ......... 2

1.2 Classic two-stage EV charger circuit topology . . ........... 4

2.1 Isolation topologies: (a) Isolation on the AC front-end. (b) Isolation

ontheDCback-end . .......... . . ... iiiee.. 10
2.2 ACdistributionnetwork . . . ... ... ... . e 11
2.3 DCdistributionnetwork . . . . . . . . . . . e 12

2.4 AC-DC topologies: (a) Unidirectional T-type rectifier. (b) NPC rec-
tifier. (c) 6-switch PWM rectifier. (d) Buck-type rectifier. (e) Unidi-
rectional Delta-typerectifier ... ... ... .............. 13

2.5 Isolated DC-DC topologies: (a) PSFB converter. (b) CLC converter.
(c) DAB converter. (d) CLLCconverter. . . .. ... . ... ...... 14

2.6 Non-isolated DC-DC topologies: (a) Unidirectional Boost converter.
(b) Unidirectional Boost converter (3-level). (c) Bidirectional Boost
converter. (d) Unidirectional Boost converter (3-level). . . . ... .. 16

2.7 PPP power flow: (a) PPP power flow. (b) FPP power flow. . . . . . . . 17

2.8 PPP configurations: (a) IPOS configuration. (b) ISOP configuration. 18

2.9 PPPBoost (shortcircuit) [2] . . .. ... ... o . 18
2.10 Hybrid rectifier powerflow . ... ... ... ... ... ........ 20
2.11 Line-commutated rectifiers: (a) Filter inductor on the DC side. (b)
Filterinductoronthe ACside. . ..................... 21
2.12 Boost PFCrectifier . . ... ... ... ... ... ... .. ... 21
2.13 Hybrid rectifier power flow IPOP) . . . .. ... ... ... ...... 22

xi



Xii

Li1ST OF FIGURES

2.14 Hybrid rectifier topologies: (a) Rec. 1: Boost PFC, Rec. 2: PWM
rectifier. (b) Rec. 1: Boost PFC, Rec. 2: T-type rectifier. (c) Rec. 1:
Boost PFC, Rec. 2: Delta-switch rectifier. (d) Rec. 1: Boost PFC, Rec.

2: Vienna rectifier. (e) Rec. 1: Passive diode bridge, Rec. 2: Modular
single-phase Boost PFC. (f) Passive diode bridge, Rec. 2: Modular
single-phase SEPIC converter. . .. ................... 23

2.15 Review of hybrid rectifier topologies selection: (a) Line-commutated
rectifier selection. (b) Semiconductor technology. (c) Output volt-
age level of selected self-commutated rectifiers. (d) Self-commutated

rectifierselection. . . . . .. ... ... . o o o 24
2.16 THD;j achieved in hybrid rectifier publications . . . . ... ... ... 24
2.17 Boost PFCrectifiercontrol . . . . . . ... ... ... .. ...... 25
2.18 T-type PWM PFCcontrol . . . . ... . ... .. ... . 25
3.1 IPOS and IPOP hybrid rectifier configuration: (a) IPOP. (b) IPOS. . . 29
3.2 Proposed hybrid rectifier topology and the control scheme . . . . . 31
3.3 Circulating current in the IPOS hybrid rectifier topology . . . . . . . 32
3.4 Boostinductorreferencesignal . . . .. ... .............. 34
3.5 Carrier-basedPWM . .. ..... ... ... .. ... 35

3.6 Analytical current waveforms: (a) Reference grid current and Boost
inductor current, @ = ayin = 0.23. (b) Bridge diode current and T-
type inductor current, @ = @min = 0.23. (c) Bridge diode current
and T-type inductor current, a < anin. (d) Bridge diode, distorted

grid, and T-type inductor current, @ < @min. - « » « = « ¢+ e v v 0. . 36
4.1 Boost stage input output characteristics . .. ... .......... 46
4.2 Iygand Iigwaveform . ... ... . Lo 48
4.3 Inductor optimized design procedure . . . . ... ... ... ..... 54

4.4 Inductor optimized design results: (a) Lgg Optimized design 2D.
(b) Lgst Optimized design 3D. (c) Lt Optimized design 2D. (d) Lt
Optimized design 3D. (e) Lf Optimized design 2D. (f) Ly Optimized
design3D. . . . ... e 55



LIST OF FIGURES xiii
4.5 System efficiency modelling: (a) System efficiency vs. load voltage.
(b) System losses vs. load voltage. (c) System efficiency vs. @ when
Vo =1200 V. (d) System losses vs. &« when V, =1200V.. . . . . .. .. 57
4.6 Simulation results: (a) line and Boost inductor currents, @ = @min.
(b) Bridge diode and T-type inductor currents, @ = &pin. (c) line
and Boost inductor currents, a < anin. (d) Bridge diode and T-type
INAUCtOr CUITENTS, O < Qmin. = « « « « ¢ o v vt e e e e e e e e e e 60
4.7 Simulation results: DC-link voltages . . . . . ... ... ........ 61
4.8 Simulation results: Line current harmonic component, @ = @iy . . 61
4.9 Voltage waveform at load variation at 0.2s (25-50kW) . .. ... .. 61
4.10 Load variation at 0.2 s (25-50 kW) : (a) Phase and Boost inductor
currents, a = amin. (b) Bridge diode and T-type input currents, a =
CUIMEn:. + » ¢ o v o e e e e e e e e e e e e e e e e e e e e e e e e e e e 62
4.11 Simulation results for phase loss condition: (a) Phase and Boost
inductor currents, @ = amin. (b) Bridge diode and T-type input cur-
TENES, = Gnin. « = + « = + + v o v vt e et e et e et e e e e e e 62
4.12 Paralleledmodules . . .. ... ... .. .. .. . . . e 63
4.13 Simulation results for 2 paralleled modules (100 kW): (a) Phase and
Boost inductor currents, @ = amin. (b) Bridge diode and T-type in-
PULCUITENTS, & = Qmin- « = = = ¢ ¢ ¢ ¢ e o o v v e ettt e e et e e e e 63
4.14 Simulation results: Voltage waveform for 2 modules (100 kW) . . . . 63
51 Labsetup . .. . . oo ittt i e e e e e e 66
52 Openlooptestresults . ................ ... ... 67
5.3 Duty cycle and current reference signal . . . ... ... ... ... .. 68
54 Closedlooptestresults. . . . ... ... .. ... ......... 69
5.5 Closedlooptestresults. . . .. ... ..., 69
5.6 AC source and DC output voltage measurements . .. ... ... .. 70






2.1

2.2

2.3

2.4

3.1

4.1

4.2

4.3

5.1

LIST OF TABLES

Fastchargertypes[3] . . . . .. .. ... . 9
Comparison of front-end AC-DC topologies [3] .. .......... 12
Comparison of back-end DC-DC converters . . ............ 16
Efficiency and partial power processed in conventional PPP config-

Urations [4] . . . v v v e e e e e e e e e e e e e e e e e e 19
Generation of current reference signal [5] . . . . . .. ... ... ... 34
Selected semiconductordevices . ... ... . ... ... .. ..... 51
Optimized magnetic designresults. . . . . ... .. ... ....... 56
System specifications . . . . .. ... Lo Lo o Lo Lo oL 59
Experimental specifications . . . . ... ... ... ... .. ... ... 67



1

INTRODUCTION



2 1. INTRODUCTION

600 T T T T T T T

[N China

I Europe

500 - [ UnitedStates |
[ OtherCountries

N
=)
S
T
1

Fast Charger Public Stock
) w
S S
S S
T T
1 1

100 1

2015 2016 2017 2018 2019 2020 2021
Year

Figure 1.1: Fast publicly available chargers 2015-2021 [1]

1.1. BACKGROUND AND MOTIVATION

1.1.1. BACKGROUND

The Electrification of transport is making tremendous progress as a powerful so-
lution to the global warming issue. With the continuing decline in the average
price of EV batteries and the increase in the charging infrastructures, the EV mar-
ket thrives with nearly 10% of global car sales being electric in 2021, four times
the market share in 2019 [1]. As the price of EV batteries continues to decline
to $110/kWh (one-tenth of that in 2010), and the average capacity continues to
increase, the relatively high cost and the range anxiety issues of EVs have been
mitigated.

At present, the relatively long charging time and the insufficiency of charging in-
frastructures have become the main obstacles to the electrifying transport, which
stimulates a significant market growth in the EV fast charging technology (cf.
[Fig. 1.1]).

In the past decade, the priority has been placed on the electrification and related
technology of light-duty electric vehicles (LDEVs). Heavy-duty electric vehicles
(HDEVs) such as electric trucks accounted for only 0.3% of global truck sales in
2021, which needs to reach around 10% by 2030 according to the IEA Announced
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Pledges Scenario (APS) [1]. A trend of electrifying heavy-duty vehicles and de-
veloping ultra-fast chargers has emerged for the next phase of the global elec-
trifying transport. Because of the increasing market demand, various research
projects were initiated and are going well underway. In 2018, CharIN initiated
the "Megawatt Charging System" (MCS) project to investigate the possible solu-
tions and standards for charging E-trucks and E-buses [6]. In 2020, CHAdeMO
has released the ultra-high-power protocol "CHAdeMO 3.0 Chaoli", enabling a
charging power rating up to 900 kW [7]. In the application of charging batteries
of HDEVs, the power rating of the chargers can reach an ultra-high level (>1 MW)
to ensure the charging time is comparable to the refuelling time of an internal
combustion engine (ICE) vehicle. It is evident that the charging power rating will
continue to increase in the near future, welcoming more up-to-date protocols,
charging architectures, and suitable power electronic circuits.

1.1.2. MOTIVATION

This thesis is dedicated to proposing a highly efficient and cost-effective power
electronic circuit topology applying the concepts of the hybrid rectifier and par-
tial power processing which can be benefiting in the applications of ultra-high-
power EV chargers.

Much research effort has been spent on improving the efficiency, power density,
and the effective cost of the power conversion stages of fast chargers. The Full
Power Processing (FPP) AC-DC plus DC-DC two-stage conversion has become a
standardized solution to the charger topology (cf. [Fig. 1.2]). The AC-DC stage
regulates the AC current to a close-to-sinusoidal current waveform with a unity
power factor and supplies a DC power to the controlled DC bus. The cascaded
DC-DC stage delivers a regulated output voltage to interface the battery. In the
application of fast chargers (> 50 kW) interfacing the next-generation HDEV bat-
teries, the average output voltage of the two-stage FPP topology can exceed 1200
V to reduce the average output current, and thus the size of the charging cable.
Consequently, certain semiconductor components with higher reverse blocking
voltage ratings, e.g. 1700 V, and current ratings of hundreds of Amperes in the
circuits are required. The 1700 V semiconductors are typically more expensive
and less available than 1200 V semiconductors, imposing constraints on the de-
sign space. Furthermore, passive components with a full power rating in both
stages are required in the FPP topology, which further limits the efficiency, effec-
tive cost, and power density of the conversion stage.

Concepts of partial power processing and hybrid rectifier are appealing in ad-
dressing the above-mentioned issues. Converters that process only a fraction of
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Figure 1.2: Classic two-stage EV charger circuit topology

the total power with the rest of the power processed by a close-to-unity efficient
secondary path, are addressed as Partial Power Processing (PPP) converters. Ac-
cordingly, the PPP contributes to higher overall system efficiency and power den-
sity compared to a Full Power Processing (FPP) converter [4]. The hybrid rectifier
is a parallel/serial connection of two or more rectifier stages. Hybrid rectifiers
innately incorporate the PPP characteristic by processing the majority of the ac-
tive power through a more efficient line-commuted rectifier, and the minority
of active power through a less efficient self-commuted Pulse-Width Modulation
(PWM) rectifier which is able to compensate for the reactive power, offering a
higher system efficiency.

1.2. RESEARCH OBJECTIVES

The research objectives of this thesis are listed as follows.

Review the state-of-the-art status of DC-type fast charger technology and
beneficial concepts such as partial power processing and hybrid rectifier;

* Propose an advantageous power electronic topology which is suitable for
ultra-high-power HDEV chargers;

Benchmark and simulate the proposed topology;

* Experimentally verify the EV charger topology concept.

The contribution of this thesis is the proposal of a new Input-Parallel-Output-
Series (IPOS) three-phase hybrid rectifier topology in Chpt. 3. The serial con-
nection of the DC-links enables the hybrid rectifier system to deliver a wide total
output voltage range of 800~1500 V. It is worth noting that semiconductors with
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higher voltage rating, e.g. 1700V, can be avoided in the proposed topology be-
cause of the serial connection, bringing more design choices and a lower cost on
semiconductors. Employing the concepts of partial power processing and hy-
brid rectifier, the proposed topology is highly efficient, cost-effective, and able to
deliver an ultra-high power with a wide output voltage range in compliance with
the IEEE-519 standards, which is supported by analytical modelling.

The thesis outline is as follows. The background, motivation, and the research
objectives of this thesis are introduced in Chapter 1. The literature reviews on
the EV fast charging technology, partial power processing (PPP), and hybrid rec-
tifier are presented in Chapter 2. The derivation of the proposed input-parallel-
output-series (IPOS) hybrid rectifier topology and the topology selection, ac-
companied by theoretical analysis, the control strategy, the current modulation
technique, and the design of converter parameters are introduced in Chapter
3. The simulation and analytical modelling results that demonstrate the system
efficiencies under various load conditions are presented in Chapter 4. The ex-
perimental verification of the current modulation technique applied in the IPOS
topology is presented in Chapter 5. The prime of this paper and the future work
are concluded in Chapter 6.
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2.1. INTRODUCTION

With the aim of deriving an advantageous topology for DC-type fast EV chargers,
it is essential to study the requirements and specifications of the state-of-the-
art DC-type chargers. With the knowledge of related standards, the research can
then be further developed with more advanced concepts such as partial power
processing and hybrid rectifier, which are potential in improving the efficiency,
power density, and effective cost of the power conversion stage. It is also impor-
tant to obtain an explicit understanding of their mechanisms through a system-
atic literature review.

A literature review is carried out to summarize the basic and prime knowledge
of the concepts mentioned above, focusing on the topology-level analysis. This
chapter is divided into three sections, where the fast charging technology, partial
power processing, and hybrid rectifier are studied. A new IPOS hybrid rectifier
topology concept suitable for ultra-high-power chargers is proposed in light of
the knowledge acquired.

2.2. EV FAST CHARGING TECHNOLOGY

The rapid growth of the electric vehicle market has stimulated the development
of the DC-type fast charging technology and its infrastructures. To address the
range anxiety and long charging time issues, the capacity of the EV batteries is
increased. The power rating of EV chargers also rises to ensure a comparable
charging time. Because of the weight/volume restrictions on the EVs, fast charg-
ers with high power ratings (> 50 kW) are hence located outside the vehicles,
named the off-board charger. The number of publications related to fast and
ultra-fast charging technology, and related applications have seen an average an-
nual growth rate of approximately 25% in the past decade [1, 7].

With an abundance of research on chargers for light EVs, researchers are grad-
ually placing more attention on the electrification of heavy-duty vehicles such
as buses, trucks, and ships and their charging infrastructures [6]. The capac-
ity of heavy-duty EV batteries is 300-800 kWh, which would require chargers
with an ultra-high-power (> 1 MW) rating for a reasonable charging time. These
ultra-fast chargers need to supply large currents (typically hundreds of Amperes),
which generates considerable losses and heat. Consequently, charging cables
with increased size and complexity to handle the heat dissipation is required.
To deliver the same amount of power, the output voltage of the fast chargers is
typically high (800-1200 V). At present, the typically rated voltages of the LDEV
battery packs are around 350-400 V and those of the HDEV batteries are 800 V.
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The rated voltage and capacity of the EV batteries will continue to increase in
the future. Optimizations and new charger architectures able to safely and effi-
ciently deliver high output voltage and power to various load conditions are of
great research interest.

This section reviews the fast charging technology for both light and heavy-duty
EVs. Firstly the definitions, protocols, and standards of EV fast chargers are intro-
duced. Then typical charger architectures and topologies are analyzed. Finally,
present issues and associated requirements on the fast charger topologies are
discussed.

2.2.1. STANDARDS OF FAST CHARGING

The EV fast charger denotes the off-board DC-type charger which delivers a DC
current (up to 600 A), a DC-link voltage (up to 1.5 kV), and thus high peak power
(> 50 kW) to the EV battery under the control of the battery management sys-
tem (BMS) [7]. Because of the high power rating and isolation requirements, fast
chargers are typically bulky and located outside the vehicle, compared to the on-
board AC level 1 (1.9 kW) and level 2 (19.2 kW) chargers. The unit of the power
rating of the chargers is kilowatt as the unit of the battery capacity expressed in
kilowatt-hours. The E-rate denotes the rate of power able to fully charge the bat-
tery in one hour. For fast and ultra-fast chargers, the E-rates can achieve (6-10 E),
which can fully charge the EV battery within 10 minutes. Fast charging is typically
applied to charge the state-of-charge (SoC) of the battery to 80% of its nominal
capacity and then switched to normal/slow charging with a lower power rating
to charge the rest of the SoC. This is to avoid the overcharging and rapid degra-
dation of the battery life caused by high charging rates, i.e., 6-10 E. Standards on
off-board DC-type fast chargers are shown in Table. 2.1.

Table 2.1: Fast charger types [3]

Charger Type CCS Typel | CCS Type2 | CHAdeMO | GB/T | ChaoJi | Tesla
Issued Year 2014 2013 2009 2013 | 2020 | 2012
Vimax (V) 600 900 1000 750 1500 500
Imax (A) 400 400 400 250 600 631
Prax (kW) 200 350 400 185 900 250

Communication PLC PLC CAN CAN | CAN | CAN
V2G No NO Yes NO Yes NO
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Isolation Requirements According to IEC 61851-23 and IEEE 2030.1.1 stan-
dards, galvanic isolation is required to prevent failure in the AC grid or the DC-
Bus to interfere with one another [7, 8]. The galvanic isolation can be imple-
mented on either the front-end grid side by a lower-frequency transformer ([cf.
Fig. 2.1(a)] and/or the back-end DC side by an isolated DC-DC converter ([cf. Fig.
2.1(b)]. Moreover, if a charger has multiple output ports, the output ports shall
be isolated from the non-charging side to prevent failure in one port to inter-
fere with the other ports. Therefore, in applications of ultra-high-power DC-type
chargers, if the isolation is provided on the AC side, an isolated DC-DC converter
is not necessary since typically the fast charger has only one output port consid-
ering its power rating.
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Figure 2.1: Isolation topologies: (a) Isolation on the AC front-end. (b) Isolation on the DC
back-end

2.2.2. ARCHITECTURES AND TOPOLOGIES
CHARGING STATION ARCHITECTURES

The distribution network of a charging station including chargers, energy storage
systems (ESSs), and renewable energy sources (RESs) is shown in Fig. 2.2 and 2.3.
Considering the high power demand of chargers, the charging station is usually
connected to a medium voltage (MV) distribution network via a line-frequency
MV/LV step-down transformer to avoid overloading the grid. The galvanic isola-
tion between the charger circuits and the grid is also provided by the transformer
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in compliance with IEC 61851-23 std [3].

There are two types of distribution networks, i.e., the AC and DC distribution net-
work. The AC distribution network ([cf. Fig. 2.2]) is dominant in industrial ap-
plications because of the well-established standards and mature AC-DC/DC-AC
converter topologies. On the other hand, the AC network has more power con-
version stages than the DC distribution because the ESSs, RESs, and EV batteries
have individual DC-AC/AC-DC converters connected to the AC distribution bus,
resulting in lower system efficiency and higher complexity [3].

= —— pomc =, — DCDC
| |
BESS oy
MY Grid DC/AC DC/AC
— 1 1 T |
MV/LV
AC/DC AC/DC

Figure 2.2: AC distribution network

The DC network deploys a central AC-DC converter to create a DC bus, where
only a DC-DC stage is required to interface RESs, ESSs, and EV batteries, ensuing
in fewer conversion stages and thus higher system efficiency ([cf. Fig. 2.3]). Con-
versely, the standards, metering, and protection schemes are not well-established
[3]. Therefore, it is more complex to deploy bidirectional chargers in the DC net-
work because of the non-standardized protection scheme [9].

The power conversion stage of chargers consists of a front-end AC-DC stage and
a back-end DC-DC stage. To increase the total power rating, a method adopted
by manufacturers is connecting multiple modules with lower power ratings in
parallel, e.g., the Tesla supercharger which is composed of 12 modules [3].

FRONT-END AC-DC CONVERTER TOPOLOGIES

The front-end AC-DC stage is implemented by PWM rectifiers capable of current
shaping and DC-link voltage regulation, as shown in Fig. 2.4. The power factor
correction (PFC) rectifier plus the passive filter at the grid side allow the rectifier
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Figure 2.3: DC distribution network

to deliver a close-to-sinusoidal grid input current and a unity power factor. These
PFC rectifiers can be classified into Boost-type (Vp, > V2V, 1Lrms) or Buck-type

(Vpn < \/g Vi1,rms) rectifiers based on the relationship between the amplitude of
line-to-line voltage and DC-link voltages [10]. The Buck-type rectifiers are mostly
applied to interface the batteries of LDEVs [11]. Based on the number of voltage
levels a rectifier can supply at the grid input side, the rectifiers can be classified
into multi-level converters. Here, only Three-Level converters (3LCs) and Two-
Level converters (2LCs) are considered. Based on the power flow, these rectifiers
can be classified into bidirectional or unidirectional rectifiers.

Table 2.2: Comparison of front-end AC-DC topologies [3]

Converter  Switches/Diodes V,Level PowerFlow PFRange Control

T-type 6/6 3L Uni. Limited Medium

NPC 12/6 3L Bi. Wide Medium
PWM 6/0 2L Bi. Wide Low
Buck-type 6/6 3L Uni. Limited Low

Delta-switch 6/6 2L Uni. Limited Medium

The comparison of these AC-DC converter topologies is shown in Table. 2.2. It
can be concluded that all four topologies are able to achieve a unity power fac-
tor and a grid current with low THD;. 3LCs such as the T-type converter and the
three-Level Neutral Point Clamped Converter (NPC) enable certain semiconduc-
tors with lower voltage ratings, which leads to lower semiconductor losses and
higher system efficiency, and power density compared to the 2LCs for the same
specifications [12, 13]. When operated at full/high loads and low switching fre-
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Figure 2.4: AC-DC topologies: (a) Unidirectional T-type rectifier. (b) NPC rectifier. (c) 6-switch
PWM rectifier. (d) Buck-type rectifier. (e) Unidirectional Delta-type rectifier

quency (< 12 kHz), the T-type topology has higher efficiency than that of 3LNPC.
Whereas, at light loads and high switching frequency (> 12 kHz), the 3LPNC has
higher efficiency and power density than the T-type rectifier. For the application
of high-power unidirectional HDEV chargers, the T-type rectifier is preferable be-
cause the high output voltage requires a Boost-type rectifier with a low switching
frequency to ensure low semiconductor losses.

BACK-END DC-DC CONVERTER TOPOLOGIES

The back-end DC-DC stage is implemented by isolated/non-isolated DC-DC con-
verters with regulated DC output voltage to interface the battery. Isolated DC-DC
converters can provide galvanic isolation between the battery and the charging
system, which is mandatory if the charger has multiple output ports according
to IEEE 2030.1.1™ std. As isolated converters add another insurance to the pro-
tection of the battery, they are favored by most manufacturers compared to non-
isolated converters. The DC-DC converters can be classified into isolated and
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Figure 2.5: Isolated DC-DC topologies: (a) PSFB converter. (b) CLC converter. (c) DAB converter.
(d) CLLC converter.

non-isolated converters, which are shown in Fig. 2.5 and 2.6.

Isolated DC-DC Converters The phase-shift full-bridge (PSFB) converter is de-
sirable for its simple control strategy and zero-voltage switching (ZVS) turn-on
features [14]. Moreover, the appropriate transformer turns ratio and PWM scheme
enables the converter to deliver a wide output voltage range [15]. However, com-
pared to a dual active bridge converter (DAB), the diode bridge on the secondary
side leads to higher conduction losses and the resonance between the leakage
inductance of the transformer and the parasitic capacitance of the primary side
semiconductor switches results in higher turn-off switching losses. Snubber cir-
cuits can be deployed to prevent the voltage overshoot and ringing at turn-offs to
protect the semiconductor switches, compromising the system efficiency [16].

The LLC resonant converter can also achieve ZVS switching, exhibiting very high
peak efficiency when operated around the resonant frequency [3]. The LLC con-
verter is sensitive to the load variations. A premise for the high-efficiency opera-
tion is a narrow output voltage range limited by the design of the resonant tank.
Considering a wide output range that requires altering the switching frequency,
the LLC converter can operate in a region where ZVS is not available and the ef-
ficiency is compromised. The LLC converter needs to be equipped with extra
hardware and modulation efforts to achieve high-efficiency operation in a wider
output voltage range [17].
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The DAB converter enables features such as ZVS and a wide output voltage range.
Applied with a phase-shifted control similar to the PSFB converter, the DAB con-
verter can achieve high efficiency, power density, and bidirectional power flow.
However, the ZVS operation may not hold under light load conditions, resulting
in high switching losses. This can be improved by implementing dual-phase shift
(DPS) or triple-phase shift (TPS) modulation as introduced in [18]. Compared to
a PSFB converter, the conduction losses on the secondary side are lower since
the on-resistance of active semiconductor switches is typically smaller than that
of the diodes at the same rating [19].

The CLLC converter can be treated as a symmetrical version of the LLC converter,
allowing the bidirectional power flow. Similar to an LLC converter, ZVS operation
can be applied and the maximum efficiency operating point appears at the reso-
nant frequency. The converter’s efficiency is compromised at a wide voltage gain
range and load conditions where the ZVS operation is not feasible. Compared to
an LLC converter, the resonant capacitors are downsized because they are imple-
mented on both sides of the transformer. Compared to the DAB converter, the
leakage inductance required for the resonance is smaller. Main semiconductor
losses are the conduction losses because of the high RMS current through the
switches [20]. The comparison between the CLLC converter and the DAB has
been carried out in [18, 20] with opposing conclusions. In fact, both converters
can be designed to achieve high peak efficiency and power density. The topology
selection is more dependent on the voltage gain and power range.

Non-Isolated DC-DC Converters The non-isolated DC-DC converters can be
implemented if the galvanic isolation is provided at the front-end AC side with a
line-frequency transformer. Commonly used non-isolated DC-DC topologies are
shown in Fig. 2.6. These topologies are derivations of the Boost converter which
are simple to control, featuring bidirectional power flow and reduction of current
ripple. To reduce the current stress on the semiconductors and the size of the
magnetic components, a modification to interleave the boost converter can be
applied with more control and hardware efforts. The three-level boost converter
can also be applied to reduce the output current ripple and voltage stress on the
semiconductor components ([cf. Fig. 2.6(b)]). However, phase synchronization
or an integrated inductor is required to eliminate the circulating current when
the converter is interleaved [3].

The comparison of DC-DC converters is listed in Table. 2.3. The application sce-
nario of fast chargers is to charge a vehicle in a short period of time instead of
drawing energy from the battery. And the protocols and economical mode of the
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Figure 2.6: Non-isolated DC-DC topologies: (a) Unidirectional Boost converter. (b) Unidirectional
Boost converter (3-level). (c) Bidirectional Boost converter. (d) Unidirectional Boost converter
(3-level).

V2G function are not yet mature. Thus, unidirectional power flow is sufficient.
The DAB converter can be applied where the trade-off between efficiency and
cost is prone to the former. Various load conditions and voltage range issues rule
out the LLC converter. It can be concluded that for fast chargers which require
high efficiency over a wide output voltage range, the PSFB converter is a prefer-
able option for the DC-DC converter stage.

Table 2.3: Comparison of back-end DC-DC converters

Converter Switches/Diodes Isolation Powerflow V,range Control

PSFB 4/4 Yes Uni. Wide Low
LLC 4/4 Yes Uni. Limited Medium
DAB 8/0 Yes Bi. Wide High

CLLC 8/0 Yes Bi. Limited Medium

Boost 2/0(1/1) No Bi./Uni. Limited Low

3L Boost 4/0(2/2) No Bi./Uni. Limited Low
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2.3. PARTIAL POWER PROCESSING

An intriguing approach to improve the efficiency, power density, and effective
cost of the power conversion stages is to apply partial power processing (PPP)
converters. PPP converters denote converters that process only a fraction of the
total power with the rest of the power processed by a close-to-unity efficient sec-
ondary path ([cf. Fig. 2.7]). Accordingly, the PPP configuration leads to higher
system efficiency and power density compared to Full Power Processing (FPP)
converters [4]. This is because the FPP converters have to be rated for full power
rating, imposing constraints on the design space for improvements in the above
aspects, especially when a wide voltage gain range is required. The PPP scheme
is widely applied in DC-DC converters in applications of battery chargers, BESS,
and photovoltaic (PV) systems [2]. For the DC-DC stage in EV charger appli-
cations, a PPP PSFB converter is implemented and compared with its FPP ver-
sionin [21] and a PPP DAB converter is implemented in [22] with the conclusion
that both PPP converters can achieve reduced ratings and improved system effi-
ciency.

n==1.
PPPC 1=
Load Source FPPC Load
Source 12100%

(a) (b)

Figure 2.7: PPP power flow: (a) PPP power flow. (b) FPP power flow.

By connecting the source, converter, and the load in an input-parallel-output-
series (IPOS) ([cf. Fig. 2.8(a)]) or input-series-output-parallel (ISOP) ([cf. Fig.
2.8(b)]) manner, only a part of the power needs to be processed by the converter
[2]. In both configurations, the output of the converter can be rated for only
the differential voltage of the source and the load [4], as shown in the following
equation,

Ppp Vo Is  VL—-Vs

ko= — =
P Pys Voo Is Vs

(2.1)
where k;, is the partial power sharing ratio of the PPP converter. Ppp is the partial
power processed by the PPP. Py is the power processed by the whole system. V;,
is the output voltage of the PPP converter. Vs is the voltage of the source. Ig is the
current of the source.

On the other hand, the PPP configurations introduce a few drawbacks. Firstly, the
PPP configurations can only be applied to isolated converters and non-isolated
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Figure 2.8: PPP configurations: (a) IPOS configuration. (b) ISOP configuration.

DC-DC converters without an internal ground connection, as shown in Fig. 2.9.
For example, the Boost converter cannot be configured as a PPP converter be-
cause the ground at the input and the output ports are connected, thereby caus-
ing a short-circuit at the input source. Secondly, the PPP configurations nullify
the galvanic isolation between the source and the load of isolated DC-DC con-
verter topologies [4]. In applications where galvanic isolation is not mandatory,
the PPP configurations can then be deployed to achieve higher efficiency, power
density, and lower cost compared to the FPP configuration.

v V load
source

Figure 2.9: PPP Boost (short circuit) [2]

Comparison Between Two PPP Configurations The mathematical relationship
between the system efficiency 7sys, the partial power processed Ppp and the power
sharing ratio kp, PPP converter efficiency 7. under different power flow direc-
tions and configurations of PPP are shown in Table. 2.4. The comparison is well
elaborated in [4]. The authors in [4] summarized that the ISOP converter, re-
gardless of the power flow direction, can process more power than an FPP con-
verter under certain relationships of the partial power ratio and the converter ef-
ficiency, losing the advantages of a PPP converter. Whereas the IPOS converter,
regardless of the power flow direction and the relationship between the converter
efficiency and the power-sharing ratio, always processes less power than an FPP
converter with higher system efficiency. Therefore, the IPOS configuration is the
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Table 2.4: Efficiency and partial power processed in conventional PPP configurations [4]

Configuration Nsys Ppp
RT3 k
IPOS source to load % Ry
1+k,1, k
IPOS load to source ; +’;7: %, 5
1+k,) .~k k
ISOP source to load “”1)]# Z_p
1 »
ISOP load to source Tk, () | 17k

preferable solution to a DC-DC PPP converter.

The essence of the PPP scheme is allowing the converter to deliver only a frac-
tion of the total output voltage and power by the series connection. This idea is
especially valuable in the application of HDEV chargers since the output voltage
of which is typically high (800-1200 V). A new topology derived from the con-
ventional IPOS configuration is applied in the hybrid rectifier topology with the
benefits of reduced voltage and current ratings of semiconductor components
and filter size, which will be presented in Chpt 3.

2.4. HYBRID RECTIFIER

The Hybrid rectifier denotes the series or parallel connection of aline-commutated
rectifier and a self-commutated rectifier [5]. The circuitry connection enables
the power to be shared by two rectifier stages ([cf. Fig. 2.7]). Therefore, each
converter stage in the hybrid system is innately a PPP converter with improved
efficiency and power density [23]. Applied with appropriate current modulation
schemes, rectifier stages can coordinate to shape the AC current and regulate
the DC-link voltage [24]. Hybrid rectifier systems are able to embrace the merits
of both rectifiers which are highly efficient, cost-effective, and able to provide a
close-to-unity power factor and a close-to-sinusoidal grid current. General re-
quirements [10] placed on three-phase PFC rectifier systems apply to the hybrid
rectifier systems, which are

* Sinusoidal grid input current in compliance with IEC 61000-3-2/4, IEEE-
519 THD;j requirements;

¢ Ohmic fundamental mains behavior (PF>0.99);

* Regulated output voltage;
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* Handling of a grid phase failure.
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Figure 2.10: Hybrid rectifier power flow

Line-Commutated Rectifiers The line-commutated rectifiers (passive rectifiers)
are rectifiers of which the commutation process of the switching components
depends on the AC power line. Those rectifier systems are simple, compact,
relatively inexpensive, highly efficient, and robust. Conversely, these rectifiers
inject significant current harmonics into the grid, which does not comply with
the IEEE-519 standards on the total distortion demand (TDD) and the individ-
ual harmonic amplitude [5]. Passive filters can be implemented to smooth the
current on both the AC side and the DC side ([cf. Fig. 2.11]). A typical line-
commutated rectifier consists of a passive three-phase diode bridge with an op-
tional DC-DC stage in series ([cf. Fig. 2.12]). Without the DC-DC stage, the out-
put voltage and the inductor current are not controllable. The output voltage is
dependent on the grid input voltage amplitude and the load condition. Oppo-
sitely, a diode bridge cascaded with a DC-DC stage, e.g., a Boost converter stage,
enables the controllability of the DC-link voltage and the grid current under var-
ious load conditions. Each phase leg of the diode bridge is forward-biased with
the current conducted in an interval of 120° in half of the grid cycle. Because the
phase current of the diode bridge does not conduct in full cycle, the grid current
imposed by a three-phase diode bridge plus a DC-DC stage cannot achieve a si-
nusoidal shape. Extra circuit and control efforts are required to meet the current
harmonic requirements.

Self-Commutated Rectifiers The self-commutated rectifiers denote rectifiers
of which the commutation process of the switching components is dependent on
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Figure 2.11: Line-commutated rectifiers: (a) Filter inductor on the DC side. (b) Filter inductor on

the AC side.
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Figure 2.12: Boost PFC rectifier

the command of active switches, e.g., Vienna rectifier, Delta-switch rectifier, 6-
switch PWM rectifier ([cf. Fig. 2.4]), which are introduced in Section. 2.2. Applied
with appropriate control schemes, these rectifier systems are able to provide full
power factor correction functionality. A close-to-unity power factor and a grid
input current with harmonic component complying with the IEEE-519 standard
can be achieved [24]. On the other hand, the self-commutated rectifiers are more
expensive, less reliable, and less efficient compared to the line-commutated rec-
tifiers [5].

Hybrid Rectifier Power Flow It is essential to analyze the power-sharing mech-
anism to obtain an explicit understanding of the hybrid rectifier. The more-
efficient line-commutated rectifier is controlled to process the majority of the
active power while the less-efficient self-commutated rectifier processes the mi-
nority of the active power ([cf. Fig. 2.13]). The high-order current harmonic com-
ponents presented in the grid input currents and the generated reactive power
due to the line-commutated rectifier are compensated by the self-commutated
rectifier. At the AC front-end, the grid current shared by two stages is added up
to a sinusoidal shape in compliance with the current harmonics standard e.g.,
IEEE-519. In addition, two rectifier stages can be operated at different switching




22 2. LITERATURE REVIEW

Rec D
PMajority : _1‘ ”””” LLOl 4 —C—l
+ |
ZX l_| l Bl
H | | |
Diode | DC/!DC} Voi| T Vo
Bridge | i (Active, | |
o | . |
(Passwe)ﬁloipitliopixli)\— Sy J|
Rec,
A
PWM | V,,
P, L Rec. |—
Minority (ACtiVE)

Figure 2.13: Hybrid rectifier power flow (IPOP)

frequencies. To minimize the switching losses of the line-commutated rectifier,
itis operated at a relatively low switching frequency (< 10 kHz). Whereas the self-
commutated rectifier is operated at a higher switching frequency to ensure the
grid current shaping and improve the power density [5].

Hybrid Rectifier Topologies The hybrid rectifier can be regarded as a black box
of two rectifier stages in series or parallel connection. An advantageous combi-
nation of line-commutated and self-commutated rectifiers is required to possess
the features of the high efficiency and reliability of the passive rectifier and the
power factor correction of the active rectifier. Typical hybrid rectifier topologies
with grid current and DC-link voltage regulation are shown in Fig. 2.14. Based on
their characteristics, these systems can be classified into unidirectional ([cf. Fig.
2.14(b), (c), (d), (e), (f)])/bidirectional ([cf. Fig. 2.14(a)]), three-phase ([cf. Fig.
2.14(a), (b), (c), (d)])/modular hybrid rectifiers ([cf. Fig. 2.14(e), ()]) [25].

Avisualized summary of the selected hybrid rectifier topologies on each rectifier
stage, semiconductors, and the corresponding THD; in 23 publications [26, 27,
28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48] on
hybrid rectifier systems are shown in Fig. 2.15 and 2.16. It can be concluded
that the for the line-commutated rectifier, the passive diode bridge plus a boost
rectifier is preferable for its regulated output voltage and current controllability.
IGBTs are preferred because they are typically cheaper compared to MOSFETs
under system specifications in industrial applications. Hybrid rectifier systems
with three-phase active rectifier topologies such as the T-type rectifier and the
Delta-switch rectifier can all achieve low THD; of grid input current. Modular
topologies such as the single-phase SEPIC converter and the Boost converter can
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Figure 2.14: Hybrid rectifier topologies: (a) Rec. 1: Boost PFC, Rec. 2: PWM rectifier. (b) Rec. 1:
Boost PFC, Rec. 2: T-type rectifier. (c) Rec. 1: Boost PFC, Rec. 2: Delta-switch rectifier. (d) Rec. 1:
Boost PEC, Rec. 2: Vienna rectifier. (e) Rec. 1: Passive diode bridge, Rec. 2: Modular single-phase

Boost PEC. (f) Passive diode bridge, Rec. 2: Modular single-phase SEPIC converter.

also achieve low THD;. However, three-phase rectifier systems are more compact
compared to modular rectifier systems.

2.4.1. ACTIVE POWER FACTOR CORRECTION (PFC)

The active power factor correction (PFC) aims to improve the grid power qual-
ity and reduce the losses caused by reactive power. The active PFC is achieved
by the current and voltage feedback control to obtain a close-to-sinusoidal grid
current waveform and a regulated DC-link voltage. A classic PFC control scheme
for three-phase Boost PFC rectifier is shown in Fig. 2.17. The DC-link voltage is
sensed and compared with a reference value to generate an error signal which
will be fed to a voltage controller to generate a transconductance. Multiplied
by a reference signal vyef, which can be set as the reference of the desirable cur-
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rent waveform, the current reference signal i s is generated and fed to a current
controller. The PWM modulator generates switching commands and the induc-
tor and AC current waveform can be imposed to a desirable shape. This control
scheme is derived from that of the single-phase PFC rectifier [49].
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Figure 2.17: Boost PFC rectifier control
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Figure 2.18: T-type PWM PFC control

Active three-phase PWM rectifiers with full PFC can also be implemented with
this type of control on each phase leg ([cf. Fig. 2.18]). For the unidirectional T-
type rectifier, the bidirectional switches are commanded such that the power can
be delivered in both the positive and negative semi-cycles of the line phase volt-
age. The voltage reference signal is given by the waveform of the phase voltage v,
as a reference to generate a sinusoidal current waveform i;. The phase current
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waveform is imposed to follow the sensed phase line voltage waveform with zero
phase shift, achieving a unity power factor. The three phases can be controlled
independently with this SPWM strategy.

This PWM control strategy is widely applied in PFC rectifier systems for its sim-
plicity and capability of handling phase-loss conditions [12]. Space vector mod-
ulation (SVPWM) based control, on the other hand, is not beneficial in phase loss
operation and is more complex with more mathematical descriptions. PFC can
also be achieved by passive filtering, but the filtering cannot provide a regulated
output voltage.
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3.1. TOPOLOGY DERIVATION

As discussed in Chpt. 2.3, the high power rating leads to high voltage and current
in the charging circuits of HDEV. Therefore, the conventional 2-stage topology is
less desirable for its limited space for improvement in terms of system efficiency,
cost, and power density. The topology selection of the AC-DC power conver-
sion stage will be in the scope of the hybrid rectifier systems. The derivation of
the proposed topology, which applies concepts of the hybrid rectifier and partial
power processing, is presented will be this section. The topology selection of the
hybrid rectifier system should be based on the application. Firstly, features of
HDEV Charger circuits are introduced to select suitable rectifier topologies.

* Scalable and can be paralleled to process ultra high power (> 1 MW);

* Capable of delivering a relatively high and wide output voltage (800-1500
V) to interface the next-generation HDEV batteries;

* Unidirectional power flow;

* Active PFC which provides a close-to-unity power factor (PF) and a close-
to-sinusoidal grid current in compliance with, e.g., IEEE-519 standard;

* Highly efficient and cost-effective;

* Handling of a phase loss condition.

Firstly, the possibility of implementing a conventional IPOP hybrid rectifier for
the charging circuit is considered. Since the required output voltage range is
higher than the peak value of the three-phase line-to-line voltage (Vj pk, 564 V for
EU standard), Boost-type PFC rectifiers with DC-link voltage controllability for
both rectifier stages are required. A combination of a three-phase Boost PFC rec-
tifier and a unidirectional T-type rectifier is preferred for their well-established
design and PFC control scheme. The grid current is shared by two rectifier stages
to achieve lower current stress on the semiconductor components (cf. [Fig. 3.1(a)]).
The power processed by the two rectifier stages are defined as (Py;, Py) respec-
tively. The power shared on each rectifier stage of the IPOP topology is deter-
mined by the proportion of its average output current (I,; and Iy) in the total
output current (I,). The power-sharing ratio on the self-commuted rectifier for
the IPOP hybrid rectifier is defined as aparaitel, @s shown in Eq. 3.6-3.10. a is an
important property because it is closely related to the system efficiency and the
grid current THD;.
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Figure 3.1: IPOS and IPOP hybrid rectifier configuration: (a) IPOP. (b) IPOS.

In the TPOP topology, the DC-link voltage of each rectifier stage is equal to the
total output voltage due to the parallel connection. Thus, a high output voltage
(> 1200 V) will require an upscale of voltage ratings of certain semiconductors
from 1200/650 V to 1700/1200 V in the AC-DC/DC-DC stage to safely handle the
voltage stress. Consequently, the design space is limited by a higher cost and
fewer available component options in the required power/voltage range. The
system efficiency will also be compromised because of the high voltage stress on
the components.

This issue brings to the essence of this paper, which is to modify the parallel
connection of the DC-link in the IPOP topology to a serial connection (cf. [Fig.
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3.1(b)]). This idea is inspired by the advantages of the series connection which
leads to a partial output voltage of the converter in the PPP configurations pre-
sented in Chpt. 2.3. In this new IPOS topology, the total output voltage V is
the addition of the DC-link voltage of rectifier 1 V;; and the DC-link voltage of
the isolated DC-DC converter Vypg. The power-sharing of each stage is deter-
mined by the proportion of the DC-link voltage in the total DC-link voltage as
Eq. 3.9. The DC-link voltage of the PWM rectifier V,» does not influence the
power-sharing and can be kept constant. In this case, the DC-link voltage of each
rectifier stage is only a fraction of the total output voltage. With appropriate shar-
ing of the output voltage, upgrading the semiconductor components to a higher
voltage rating can be avoided. It is worth noting that the output current of Rec.
1 Iy is fed to the load via the secondary side of the high-frequency transformer.
According to Kirchhoff’s law, the average output current of Rec.1 is equal to that
of the isolated converter, and the total DC output current I,. @geries addresses the
power-sharing ratio on the PWM Rec. 2 plus the isolated DC-DC converter path
in the IPOS topology. By regulating the DC-link voltages V,; and Vgg, the power
shared on each stage can be changed accordingly.

Io = Io1 = IorB 3.9
erics = Poz _ Pors _ IorsVors (3.10)
P, P ING
_LVors _ Vors _ Vors

IV, Vo - Vo1 + VorB

The IPOS circuit topology is depicted in Fig. 3.2. Note that the serial connection
of the IPOS topology brings a circulating current issue which requires an isolated
DC-DC converter to provide galvanic isolation between two rectifier stages (cf.
[Fig. 3.3]). Without the isolation stage, the output current of the Rec. 1 will bypass
the load and flow back to the grid via the diode bridge of Rec. 2, resulting in
a malfunctioning state of the system. The isolated DC-DC converter should be
selected based on the comparison of the DC-DC topologies in Table. 2.3 and the
following considerations.

* An isolated DC-DC converter with low complexity is preferable since the
control and integration of the hybrid rectifier system are already compli-
cated;

* A wide voltage gain range. Since the total output voltage is the addition of
those of the Rec. 1 and the DC-DC stage, a wide output voltage range will
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Figure 3.2: Proposed hybrid rectifier topology and the control scheme

extend the total output voltage range. Also, the power-sharing of the IPOS
hybrid rectifier system is determined by the output voltage share of Rec. 1
and the DC-DC stage, a wide output voltage range can guarantee a wide
power-sharing ratio to handle various load conditions;

* The active PFC of the hybrid rectifier system should not be hindered by the
DC-DC stage.

* Unidirectional power flow.

Simple isolated DC-DC converters such as the flyback and the forward converter
suffer from bulky magnetic components, relatively low efficiency, and high com-
ponent voltage stress in high-power applications and thus are ruled out. The LLC
and CLLC converters are ruled out because of their limited output voltage range
(184 V- 540V). The DAB converter is ruled out because only unidirectional power
flow is required, the active switches on the secondary contribute to more cost.
Finally, a PSFB is selected because it satisfies all the above-mentioned require-
ments. The PSFB can be placed after Rec. 1 or Rec. 2 to provide the isolation. A
simple derivation explains that cascading it with the less efficient Rec. 2 which
processes the minority of the active power will lead to higher system efficiency.

It is worth noting that the isolated DC-DC converter does not provide galvanic
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Icirc

Figure 3.3: Circulating current in the IPOS hybrid rectifier topology

isolation between the AC source and the DC load. This is because the series con-
nection provides a direct path for the output current of Rec. 1 on the secondary
side of the isolated converter. Therefore, the isolation between the source and
the load needs to be implemented by a line-frequency transformer at the AC
front-end as shown in Fig. 2.1(a). As introduced in Chpt. 2.2, a step-down line-
frequency transformer (MV/LV) is required in both charging architectures (cf.
[Fig. 2.2 and 2.3]) and it already provides galvanic isolation. Another concern is
that the AC-AC stage will become another source of power losses. However, the
efficiency of the line-frequency transformer is typically beyond 99%, which con-
tributes to insignificant losses in the system [50]. With the isolation provided by
the transformer, the IPOS hybrid rectifier can be implemented to interface the
batteries.

3.2. CONTROL STRATEGY

A few modifications are required to apply the control strategy proposed in [5] for
the IPOS hybrid rectifier topology. The control scheme should be adapted with
the following considerations.
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* The total output voltage should be controllable in a wide range;

* The DC-link voltage of each converter stage should be controlled sepa-
rately to achieve a desirable power-sharing ratio;

* The control of the added PFSB converter should not hinder the PFC oper-
ation of two rectifiers.

3.2.1. ACTIVE PFC CONTROL

A typical feedback control with PWM is implemented to regulate the DC-link
voltage and grid current of the IPOS hybrid rectifier, which is depicted in Fig.
3.2. The Boost PFC rectifier, the T-type rectifier, and the isolated DC-DC stage
are controlled separately.

Voltage Control Loop The DC-link voltage of each stage needs to be controlled
separately since its proportion in the total output voltage, i.e., the power shar-
ing ratio, determines the power processed by each stage. The voltage feedback
control loop for each stage is identical. Firstly, the DC-link voltage is sensed and
the error between the sensed voltage and its reference value is fed to a PI com-
pensator K, (s). Since the two selected rectifiers are Boost-type PFC rectifiers,
their DC-link voltages are supposed to be larger than the peak value of the three-
phase line-to-line voltage (Vpc > Vjjpk) to ensure the controllability. The DC-link
voltage of the Boost PFC is set to be (1 — a) - V, with a maximum value of 960
(1200%0.8) V, constrained by the maximum blocking voltage of the 1200 V semi-
conductor. The DC-link voltage of the T-type rectifier is set to a constant 650 V
regardless of the power-sharing. The rest of the active power is processed by the
T-type rectifier and the PSFB path with the DC-link voltage of the PSFB set to be
a - V,. By altering the DC-link voltage reference value of the Boost PFC rectifier
and the PSFB, a desirable power-sharing ratio can be achieved. Moreover, the to-
tal output voltage, which is the addition of the DC-link voltage of the Boost PFC
rectifier and the PSFB converter, can achieve a high and wide range.

Current Control Loop The active PFC operation which shapes the input cur-
rent of both rectifier stages is achieved by the inner current feedback control
loop. For the Boost PFC rectifier, the output of the voltage compensator is mul-
tiplied with a voltage reference signal v’ . obtained from fragments of the grid
voltage to generate the current reference iEBst ([cf. Fig. 3.4 and Table. 3.1]) [5].
The reference current waveform which can be derived by sensing the line voltage
effectively utilizes the hardware resources of both rectifier stages. The voltage
reference is the desirable waveform of the inductor current. The inductor cur-
rent iy s is then sensed and compared to iI’stt, with the error sent to the current
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Figure 3.4: Boost inductor reference signal

compensator Kj(s). The output of Kj(s) is added by a feedforward signal, which is
the preset duty-cycle derived from the voltage gain of a Boost converter regard-
ing the six-pulse output voltage of the three-phase diode bridge as the input, and
a reference DC-link voltage as the output. Finally, the output is sent to a PWM
modulator, generating the gate signal of the Boost switch. Applying this type of
control, the inductor current and the input current of the passive diode bridge
can be imposed.

Table 3.1: Generation of current reference signal [5]

Interval | vir | Interval | ves | Interval | vpef
0°-30° vy | 120°-150° | wvp | 240°-270° | v
30°-60° | -v, | 150°-180° | -v. | 270°-300° | -v,
60°-90° | -v. | 180°-210° | -v4 | 300°-330° | -vp
90°-120° | v, | 210°-240° | vy | 330°-360° | v

The current control loop of a single phase of the T-type rectifier is depicted in
Fig. 3.2. The control of the three-phase T-type rectifier are three duplicates of
the single-phase SPWM control. The configuration of the modulator is shown in
Fig. 3.5. The modulation signal Vj,,o4 can be treated as constant since the switch-
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ing frequency is much higher than the line frequency. Similar to the Boost PFC
control, the output of the voltage compensator Ky(s) is multiplied by a gain to
derive the line frequency transconductance G, which is then multiplied by the
sensed sinusoidal grid voltage v, to generate a sinusoidal line current reference
signal i; . The sensed grid current i, is compared to the reference current and the
error is sent to a current compensator Kj(s). The output of Kj(s) is then superim-
posed on a feedforward grid voltage signal v, which presets the duty cycle of the
SPWM operation [5]. Incorporating a voltage balance control of the two DC-link
capacitor voltages Vpy and Wy through another compensator Ky, (s), the gate
signals are generated to control the bidirectional switches. This control scheme
enables the T-type rectifier to generate a phase current waveform in compensa-
tion for the imposed current on the passive three-phase diode bridge to form a
sinusoidal grid current ([cf. Fig. 3.6(c)]).

A
I | | .
Vorl2 = — |— -_— I tri
I | | Switch on
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\/n*od l I |
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| | -
° Tow t

Figure 3.5: Carrier-based PWM

3.2.2. CONTROL OF THE ISOLATED DC-DC CONVERTER

To achieve a desirable total output voltage range (800-1500 V) and power-sharing
ratio, the DC-link voltage of the PSFB converter needs to be controlled. The max-
imum DC-link voltage of the Boost PFC rectifier stage is 960 V (1200 x 0.8), which
is the maximum blocking voltage of the 1200 V semiconductor devices. At this
point, the total voltage of the system is 1247 V (960/0.77) considering the maxi-
mum power-sharing ratio. If higher total output voltages are required, the differ-
ential voltage has to be provided by the PSFB stage alone since further increasing
the DC-link voltage of the Boost stage might damage the semiconductor devices.
Therefore, for the output voltage range beyond 1247V, the PSFB converter is re-
sponsible for the voltage increment.

A typical phase-shifted modulator is implemented to command the switches of
the PSFB converter. The input voltage of the PSFB stage is the output voltage
of the T-type rectifier. The voltage gain of the PSFB is determined by the phase
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shift between the switches on the leading leg and the lagging leg. A voltage feed-
back control is implemented to ensure a desirable DC-link voltage. Peak-current
mode control is implemented by a P compensator to limit the peak current of ir¢
on the secondary side filter inductor L¢. The duty cycle of the leading switches
is set to be 50% as in a classic phase-shift control. A dead time is implemented
to prevent the simultaneous conduction of the switches on the same bridge leg.
Moreover, the ZVS takes place in the dead times, which is achieved by the reso-

nance of the parasitic capacitance of the MOSFETs and the leakage inductance
of the transformer [51, 52, 53].

3.2.3. CONSTRAINTS OF THE UNIDIRECTIONAL POWER FLOW
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Figure 3.6: Analytical current waveforms: (a) Reference grid current and Boost inductor current,

a = Qppin = 0.23. (b) Bridge diode current and T-type inductor current, @ = apjn = 0.23. (c) Bridge

diode current and T-type inductor current, a < @j,. (d) Bridge diode, distorted grid, and T-type
inductor current, & < &pin-
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The unidirectional power flow of the T-type rectifier (i.e., it can only deliver volt-
age and current with the same sign simultaneously from AC to DC) imposes con-
straints on the current modulation and the range of the power-sharing ratio. The
mathematical analysis of the power-sharing constraints is derived in Eq. 3.13-
3.20 given the following prerequisites [24, 5].

* A purely sinusoidal and ohmic grid behavior;

A balanced three-phase AC system;
* Alossless system;

* A constant DC-link voltage.

Therefore, the three-phase grid behavior can be expressed as,

va(t) = Va~sin(wt)
vp(0) = Va- sin(wt— &) (3.11)
ve(t) = Va-sin(wt— %”)

ia(0) = I - sin(wv)
in(®) = Iy - sin(wt— &) (3.12)
ic(0) = I sin(wt— %)

The input Py, output power P, and the average current through the boost in-
ductor can be expressed as,

o 3Valh
Pin = Po = === Volo (3.13)
. (1= @min) Po 7
iLBst, avg = ‘;““ ° e (3.14)
a

Because of the parallel connection at the AC front-end, the AC input current is
the addition of that of the T-type rectifier ity and the passive diode bridge ipa,
which can be expressed as piecewise functions in Eq.3.15-3.18

. 2P, .
iTa(t) = — - sin(wt) — ipa (wt)
a

dimp(®) = 2P -sin(wt—z—”)—i (wt) (3.15)

a

iTc(t) = — - sin(wt - ?) — ipc(wt)
a




38 3. PROPOSED HYBRID RECTIFIER TOPOLOGY

0, O=swt<f)
I, sin(wt), (% <wt< %)

—Iy-sin(wt— %”), (F<wt=<7)

Da(t) =1 —L-sinwt-4, (<ot (.16
Iy sin(wt), (& <wt=<3)
0, (F <wt<m)
I, sin(wt), O<wt<%)
ita(@0) = ?"; -sin(wt) - ipa@t>0, (£<ots3Z) (3.17)
I, sin(wt), CE <wt<m)

Due to the unidirectional power flow of the T-type rectifier, the minimum power-
sharing ratio anj, of it can be expressed as,

. 2(vV3-1)P
st avg = = 5 . (3.18)
6v3-18
Pos 2P0~(1+‘/_—2) (3.19)
T
6v3-18
min = 1+ ‘/_—2 ~0.23 (3.20)

As the result shows, a minimum power of 23% - P, needs to be processed by the
T-type rectifier if the current modulation in Fig. 3.1 and Table. 3.1 is applied.
A more detailed derivation is presented in Appendix A. Here the power-sharing
ratio is the proportion of the power processed by the T-type rectifier plus the
PSFB path. If the power processed by the Boost PFC is larger than 1 — apjp, the
magnitude of the imposed diode current ip, will be larger than the grid current
reference value in certain time intervals. The T-type will have to provide an input
current i, with an opposite sign such that the addition of these two currents can
be sinusoidal (cf. [Fig 3.6(d) and (e)]). However, due to the unidirectional power
flow, the current has to be positive since the line voltage is positive. Therefore,
the current modulation is no longer valid in these time intervals, deteriorating
the grid current THD; and the PE

It is worth noting that the power-sharing is still determined by the DC-link volt-
age proportion even with distorted grid current. The ratio amin acquired from the
piecewise function of i1, described by Eq. 3.15 is only the constraint to guarantee
an effective PFC operation. Instead, if a bidirectional PWM rectifier is applied for
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Rec.2, the line-commutated Rec.1 can process 100% of the output power P,. The
PWM rectifier will only process reactive power as a shunt filter [5].

3.3. PASSIVE COMPONENTS PARAMETER DESIGN

In order to achieve an effective PFC operation with a unity PE a line current with
low THD; (< 5%) and a DC output with desirable ripple performance, the value
of the passive components (inductors, capacitors) needs to be designed properly.
The design of the passive components parameter of the Boost PFC rectifier, the
T-type rectifier, and the PSFB have been well-established in [49, 54, 55, 56, 14].
In these publications, the parameter is designed based on FPP systems. Con-
sidering the IPOS hybrid rectifier system, each converter stage only processes
the partial power. Therefore, the equations need to be adapted considering the
power-sharing of the IPOS hybrid rectifier system. As a result, the derived equa-
tions may differ from the original ones. The value of all passive components are
designed considering the maximum partial power processed of each stage to en-
sure a safe operation. For the sake of simplicity, only the crucial equations will
be presented.

3.3.1. BoosT PFC RECTIFIER

The Boost PFC rectifier is operated in continuous conduction mode (CCM), where
the ripple factor should be designed carefully to ensure the converter does not
fall into discontinuous conduction mode (DCM) operaion. The inductance of
the Boost inductor Lgg; is calculated based on the maximum inductor current
ripple AL Bst, max requirement. As discussed in [49], the maximum current ripple
should be attenuated to be 20%-40% of the peak value of the current waveform
under selected switching frequency. The sizing of the inductance is relevant to
the grid current THD; and the safe operating range of the associated semicon-
ductors. The output capacitor Cyps; is designed such that the dominant 6" order
harmonic component brought by the modulation technique is sufficiently atten-
uated. Here, the minimum power-sharing ratio is considered in the design. The
equations are expressed as follows,

A ].[2(1 — @Wmin) * fa

[p=———_“min/’7a 3.21)
18-6V3
V3 kigi .
AIBst,max = %ple -Ip (3.22)
3.V, 3V,
Lpst V3V ‘1- v3 2) (3.23)

JAVS LBst,max * fst st VoBst
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1—amin) - P
CoBst = ( n:n) ° (3.24)
1270+ fin - Viper - Kuripple

where I addresses the magnitude of the current on the bridge diode. kirjpple ad-
dresses the current ripple factor (usually a value of 20%~40% is assumed). Vpg
addresses the DC-link voltage of the Boost PFC rectifier. kyipple addresses the
voltage ripple factor (usually a value of 1% is assumed). fswgst is the switching
frequency of the Boost PFC rectifier. f, is the line frequency.

3.3.2. UNIDIRECTIONAL T-TYPE RECTIFIER

The maximum inductor current ripple is derived from the current shaping method
in . The inductance of the T-type filter inductor Lt is determined by the ripple
requirement in the same manner as Lgs;. The output capacitor Cyt is designed
such that the dominant 3"¢ order harmonic component in the DC-link voltage
Vor caused by the current modulation is sufficiently attenuated. f;,r denotes
the switching frequency of the T-type rectifier. The equations are expressed as

follows,

Kirippl A 3 .

At max = —22. (Ia V3, ID) (3.25)
1%
Ly= oT (3.26)
8- fsz : AILT,max
a - P

Cor max — o (3.27)

- 67 - fm ' VOZT ' kvripple

3.3.3. PSFB CONVERTER

Since the PSFB is operated within the hybrid rectifier, the power-sharing ratio «
needs to be incorporated in the calculation of the values of passive components.
Here, the maximum output voltage which determines the transformer turns ra-
tio is related to the maximum power-sharing ratio amax. The filter inductor and
capacitor values are determined by the maximum allowed current and voltage
ripple, respectively. The output current ripple is determined by the selected rip-
ple factor, which is a proportion of the average output current [56]. The output
capacitor is designed such that the output voltage ripple caused by the switching
behavior can be sufficiently attenuated. Due to the duty-cycle loss caused by the
leakage inductance of the HF transformer, the maximum effective duty cycle is
less than 1. To achieve the desirable voltage gain range, this has to be considered
to ensure the upper limit of the output voltage. Here, it is approximated to be 0.8
to further derive the parameter of the transformer for the required output voltage
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range.
Dip,max = 0.8 (3.28)
Votb,max = Vo * @max (3.29)
V.
p= ——obmax_ (3.30)
V02 : be,max
P

Alrfmax = Kiripple * = (3.31)

Vo

_ (n-Voa— Vofb,max) 'be,max

AILf,max : fswfb
ALs

8- fSw,fb . kvripple : Vofb,max

Lt (3.32)

Cy (3.33)

where amay is the maximum power sharing the PSFB. Dy, max is the maximum
duty ratio of the PSFB. Vi1, max is the maximum DC-link voltage of the PSFB. n is
the transformer turns ratio. Lt is the inductance of the output filter inductor. C¢

is the capacitance of the output filter capacitor. fqy g, is the switching frequency
of the PSFB.
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4.1. ANALYTICAL MODELLING

Analytical modelling is to benchmark the proposed IPOS hybrid rectifier system,
with which the efficiency and losses of each converter stage will be obtained.
The efficiency and loss modelling of the system under various load and power-
sharing conditions is essential to evaluate the feasibility of the IPOS topology.
However, directly building and testing a power electronic system under various
operating points is costly and laborious. A more desirable method is to prelim-
inarily calculate the losses of the system without hardware efforts [57]. The loss
modelling can be performed by scripting, which is adaptable for varying design
choices and load conditions. With an accurate loss modelling of the system, the
optimal design and operating region of the power electronic system can be de-
rived. The losses of a power electronic circuit mainly consist of semiconductor
losses and passive component losses, which will be discussed below. The pre-
requisites of the analytical modelling are given as follows.

* Averaged circuit modelling;

* Steady-state analysis.

4.1.1. SEMICONDUCTOR LOSSES MODELLING

Semiconductor losses are the major contributors to the losses of power elec-
tronic systems despite the advance in the wide-bandgap semiconductor devices,
such as SiC and GaN devices which feature low switching loss and on-resistance.
In the case of high-power applications such as the HDEV chargers, the large cur-
rent leads to significant conduction losses. And the switching frequency, which is
closely related to the power density and the ripple performance of the system, is
the determinant factor of switching losses. Semiconductor losses will also affect
the thermal management of the power electronic system. Thus, it is of signifi-
cance to determine losses under varying operating points and converter designs.
Datasheet-based analytical modelling of semiconductor losses can be applied
to preliminarily benchmark the system without hardware measurements. Semi-
conductor losses consist of conduction losses and switching losses, which will be
discussed in the following sections.

CONDUCTION LOSSES

The conduction losses of semiconductors can be calculated by the current through
the device and the temperature-dependent on-state resistance provided in the
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datasheet. The current waveform through each device needs to be derived an-
alytically. The on-state resistance can be extracted from the datasheet. A sim-
ple approach is to assume the worst-case scenario where the largest on-state re-
sistance is taken at the highest allowable operating temperature. This reduces
the efforts on the thermal modelling of semiconductor devices. The conduction
losses of a semiconductor device can be expressed as [58],

Pe=V - Iuyg+ Ton - I 4.1)

where V is the forward voltage drop in diodes and IGBTs (V = 0 for MOSFETS).
Ton is the on-state resistance of the device. Iy and Iyys are the average and
root mean square (RMS) value of the current through the device respectively in a
given time interval.

The active PFC of the hybrid rectifier system offers a sinusoidal phase current
with line frequency and switching frequency harmonics. Here, an average model
is applied assuming only the line frequency harmonic components are consid-
ered. The high frequency switching harmonics are not considered as the wave-
form depictsin Fig. 3.6. Considering a sinusoidal pulse width modulation (SPWM)
which is applied in the control strategy in Chpt. 3.2, the ideal phase current can
be expressed as,

I(wt) = Isin(wt+ ¥) (4.2)

where ¢ is the phase shift between the fundamental line voltage and current. [
is the amplitude of the phase current. w is the fundamental radius frequency.
The duty cycle D(wt) of the semiconductor components is derived based on the
applied modulation strategy. I(wt) is the modulated current waveform as a func-
tion of time. Thus, I,vg and I;ms can be calculated as [58],

Iavg_z1 f I(wt) D(wt)dwt 4.3)

Irms—\/ f I2(wt) D(@tdwt (4.4)

Using the above equations and derived current waveforms, the average, and RMS
current through each component of each converter stage can be derived. Only
crucial equations are presented for the sake of brevity.

Boost PFCrectifier The duty cycle of a DC-DC Boost converter can be expressed
as,

D=1-— (4.5)
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Since the Boost stage is connected in series with the three-phase passive diode
bridge, the six-pulse output voltage V) of the diode bridge can be regarded as the
input of the Boost stage ([cf. Fig. 3.1 and 4.1]). Therefore, the duty cycle base
D(wt) at steady-state can be expressed,

[!‘_‘gg!\ Vi - TvoBst
o —0

Figure 4.1: Boost stage input output characteristics

Dwt)=1- M (4.6)
VoBst

The modulation index for the Boost PFC rectifier can be expressed as,
Vil _ \/gva

Mgy = ——

= 4.7)
VoBst VoBst

Applying eqs. 4.2-4.4 and the averaged circuit modelling, the average and RMS
currents on the passive bridge diode can be expressed as,

Tl-a) .

IBri, diode, avg = 6—\/§ I, (4.8)
n(l-a) .

Igyi, diode, rms = Tlu (4.9)

The average and RMS currents on the Boost switch can be expressed as,

nl,1-a) 3 Mpgt
Igst, sw, avg = az\/g (1 - p > (4.10)
nl,1-a) 3Mz
Igst, sw, rms = £ 1- st 4.1
2V3 7
The average and RMS currents on the Boost diode can be expressed as,
3Mpg(1—a)]
Ipst, diode, avg = ———————— 4.12)

2

V3
JIMBst N
IBst, diode, rms = 1-a) T I, (4.13)
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Unidirectional T-Type Rectifier The duty cycle of the SPWM implemented in
each phase of the T-type rectifier in Fig. 3.5 can be expressed as,

V- sin(wt)
Dwt)=1- — (4.14)
>

The modulation index for the T-type rectifier can be expressed as,

N

2-V,
VoT

Mt = (4.15)

Applying the averaged circuit modelling, the average and RMS currents on the
bidirectional switch of the T-type rectifier can be expressed as [5],

. l4-aMr (1-a)OMr-27V3)
I =1, + 4.16
T, sw, avg a An 36 ( )
. |4n-3v3-4V3Mr (1 -a)(vV3Mr+aMr+4v3-12)
IT, Sw, rms — 1, 2471 + 24
1
7(1-a)?@BMr—-m)]?
B ( )*BMrt —m) 4.17)
72

The average and RMS currents on the diodes of the T-type rectifier can be ex-
pressed as [5],

OJMTfa

IT, diode, avg = T (4.18)
. [Mr@2v3+1) Mmr(l-a)2+vV3) aMr(l-a)?

IT, diode, rms = I, 671 - 24 + 12 (4.19)

PSFB Converter The currents on the primary side leakage inductor and the
filter inductor in CCM are depicted in Fig. 4.2. Here, the duty cycle loss and
the cross-zero transitions are neglected for simplification. Applying the averaged
circuit model, the duty cycle Dgg, output filter inductor current ripple Al and
the average output current Iiy, 4y at steady-state can be expressed as functions
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of characteristic operating points Is1, Is2, Is3, Ip1, Ip2, and I3 [56].
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Figure 4.2: I g and Iy waveform
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Due to the phase-shift modulation, the current stress on the leading leg and the
lagging leg are different. The average and RMS currents on the primary side lead-
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ing switch, its body diode, and the lagging switch can be expressed as,

Dy, (Ip1 + I2)
IFB, sw, lead, avg = f (4.27)
Dy (12, + Ipt Ipo + 12,
IrB, sw, lead, rms = 6 (4.28)
(1-Dgp) (Ip1 + Ip2)
Irp, swbd, lead, avg = 4 P P (4.29)
(1= Deir) (12, + I Lo + 12,
IFB, swbd, lead, rms = 6 (4.30)
T, 1+ I 2
IrB, sw, lag, avg = % (4.31)
2+ Iy I+ 12
pl1 " “plIp2 T Ipo
IFB, sw, lag, rms = \/ 6 (4.32)

The average and RMS currents on the secondary side diodes can be expressed as

I,
IFB, diode, avg = E (4.33)

[ 1% + I Iy + I2
IFB, diode, rms = w (4.34)

The switching losses of the semiconductor devices is related to the switching
frequency, and the characteristic current waveforms of the device during the
switching transitions [57]. One commonly applied method is the averaged and
linearized switching model. The linearized model denotes that the switching
losses are expressed as the average switching energy which is linearly scaled by
the reverse blocking voltage and the switching frequency in a switching cycle.
The average switching energy is usually provided in the datasheet as a function of
temperature and device current. The averaged switching losses can be expressed
as [58],

SWITCHING LOSSES

_ fsw V
s =
2 Vb,ref

2n
f Eon,off,rrdwt (4.35)
0
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) 2
Eonyoffyn- =Cl "+ C1l+ ¢ (4.36)

where fgy is the switching frequency, Eqp off rr are the device switching energies,
which is expressed as a 2" order polynomial of the device current i, with coeffi-
cients ¢y, 1,2, scaled by the device reverse blocking voltage 14, and reference volt-
age W ref from the datasheet. The currents required for calculating the switching
energy in the line frequency cycle can be expressed as a piece-wise function in
Fig. 3.6 using the averaged switching model, which are

Boost PFC Rectifier
l-ay®-I, . =«
Iy, diode, rr (@) = 8-675 : Sln(g) (4.37)
IRst, sw, on, off(Wt) = Dpst (W) - I gst, sw (@)
Vil(wt)
=|1- - It Bst, sw(wt) (4.38)
oBst
IBst, diode, 1t (wt) = (1-D(wt)) - ILBst, diode, rr (wt)
Viil(wt)
= : ILBSt, sw(wt) (4.39)
VoBst

Unidirectional T-Type Rectifier

IT, sw, on, off(wt) = Dr(wt) - I, sw(wt)

2V, (wt)
=|1- - Itz sw(wt) (4.40)
oT
IT, diode, rr(@t) = (1 — D(wt)) - ILT, diode, rr (@1)
2V, (wt)
= - Ipx, sw(wt) (4.41)
VOT

PSFB Converter Itis assumed that ZVS on is effective in the whole output volt-
age range. Therefore, the switching instance for the PSFB converter is shown in
Fig. 4.2, yielding

Igp, sw, lead, off = Ip2 (4.42)
IpB, sw, lag, off = Ip3 (4.43)
Irp, diode, rr = Is3 (4.44)

Current on each device at all switching on/off transitions are derived. In or-
der to further carry on the loss modelling, suitable semiconductor devices need
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to be selected at a given power rating. With their datasheet specifications, the
loss modelling of semiconductor devices can be completed. The power ratings
of HDEV chargers are typically at Mega-Watt, where the semiconductor devices
have to withstand current stress of thousands of Amperes if only one module of
the IPOS hybrid rectifier is implemented. Semiconductor devices with such high
current ratings are modular devices which are very expensive and scarce, result-
ingin averylimited design space. Therefore, paralleled modules can be deployed
to downsize the power rating of each module. Here, a power rating of 50 kW is
selected for a single module where an abundance of semiconductor devices are
available. By a parallel connection of 20 modules, the charging unit can reach a
power rating of 1 MW. The information of selected semiconductor components
at 50 kW are shown in Table. 4.1. Because of the IPOS configuration, voltage
ratings of all selected components are below 1200 V.

Table 4.1: Selected semiconductor devices

Component Model Qty.  Unit Price (€)[59]
3-® diode bridge STTH6010 6 5,03

Boost IGBT IXYK110N120B4 1 17,5

Boost diode GC50MPS12-247 1 22,16

T-type IGBT IKZ75N65ES5 6 6,76

T-type diode STTH6010 6 5,03

PSFB MOSFET FCHO60N80-F155 4 12,01

PSFB diode RFL60TZ6SGC13 4 6,45

4.1.2. PASSIVE COMPONENT LOSSES MODELLING

Losses of the passive components are also main contributors to the system power
losses, especially losses of magnetic components such as inductors and trans-
formers. An advantageous power electronic converter design is built around an
optimized magnetic design. With the aim of obtaining the optimal design of the
converter, an accurate loss modelling of passive components is indispensable.

INDUCTIVE COMPONENT LOSSES MODELLING

Since the inductive components contribute to considerable losses in power elec-
tronic systems, loss modelling of them is crucial in the optimization of convert-
ers in terms of power density and efficiency. The procedure of inductive compo-
nents modelling can be summarized as follows [60].
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1. Determine the corresponding reluctance model.

2. Determine the variation of flux density.

3. Determine core losses.

4. Determine winding losses considering the skin effect and proximity effect.

5. Determine the thermal behavior.

The inductive losses include core losses and winding losses, which are modelled
applying the method in [60].

Reluctance Model The reluctance Ry, of a given inductor/transformer core can
be calculated based on the core dimensions, which can be expressed

Lm

= (4.45)
m HoprAm

Where L, is the mean magneticlength. A,, is the mean magnetic cross-sectional
area. (i is the permeability constant. y; is the relative permeability. The core re-
luctance model can be divided into many fragments and the the total reluctance
model can be calculated in the magnetic circuit formed by these fragments.

Core Losses The core losses consist of hysteresis losses, eddy-current losses,
and residual losses, which can be modelled using the empirical Improved Gen-
eralized Steinmetz Equation (IGSE). For the PFC operation, both the major (line
frequency) and minor (switching frequency) magnetization loops should be con-

sidered [60].

1 T |dB|*
Py==| ki|l—| (AB)’~%dr 4.46
T fo 4 (AB) (4.46)

k
ki = — (4.47)

ema-1[;" |cosfla2h-2do

Pc=V,-Py (4.48)

where AB is the peak-to-peak flux density. T is the switching cycle, and Py is the
time-average core loss per unit volume. coefficients k, a,  are extracted from
the core material datasheet. V, is the effective core volume. P are the total core
losses.
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Winding Losses The winding losses are the ohmic losses in the indutor wind-
ings [60]. The self/external induced eddy currents (i.e. skin effect and proximity
effect) lead to increase in the resistance of a conductor as the magnetizing fre-
quency increases. The winding losses of a Litz wire per unit length influenced by
skin effect and proximity effect can be expressed as [60],

a2

i
Psi=n-Rpc-Fr(f)- (ﬁ) (4.49)
Pp1=n-Rpc- Gr(f) (H: + H?) (4.50)

4M2—1+ ?
12b%  2m2dj

Py = n-lm-RDC-GR(f)-(N3-M (4.51)

where 7 is the number of strands of the litz wire, Rpc is the DC resistance per
unit length per strand, Fr(f) and Gg(f) are the function to derive the AC resis-
tance caused by the skin and proximity effect respectively. 1D approximation is
applied to derive the external magnetic field strength H, caused by the neigh-
bouring strand/conductor. For round conductor, n =1, H; =0. N is the number
of conductors per layer. M is the number of layers. [, is the average winding
length per turn. d, is the diameter of a litz wire bundle. by is the window width of
the core. The total winding losses can be expressed as the sum of losses at each
frequency component [60].

o0

Py = Z (PS,i + Pp,i) (4.52)

n=0

And the total inductive losses can be expressed as,

Py = Pc+ Py (4.53)

Thermal Behavior The thermal behavior of an inductive component should
be modelled to ensure the temperature of the inductive component is within the
safe operating region. The temperature of an inductive component can be cal-
culated as,

1. = Tamb + PL* Ry (4.54)

Where Ti is the inductor temperature. T,y is the ambient temperature. Ry, is
the thermal resistance of the core, which can be calculated based on the core
dimensions.
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INDUCTIVE COMPONENT OPTIMIZED DESIGN

The inductive components design procedure is shown in Fig. 4.3. The optimal
design of the inductive components is obtained by the multi-objective optimiza-
tion (Pareto optimization) of properties such as losses, volume, temperature, and
weight. A weight is given to all these concerned properties to obtain a perfor-
mance index, which can be expressed as

(o]
PI=) wipi (4.55)

n=0
Where wj; is the assigned weight, whose value is between 0 and 1. pj is the nor-
malized property, which are losses, weight, volume, etc. The optimal design of
the inductor is the one with the smallest PI, which yields a design of lowest losses
and highest power density. Applying the loss modelling and the Pareto optimiza-
tion [61]. The specifications of the magnetic design is presented in Table. 4.2.

Table 4.2: Optimized magnetic design results

Lgst 3-Lt L¢
Core Material MPP 200 R Cool 125
Core Code OD55740A2’ ’'0R49928EC’ ’'OD55740A2’
Number of Stacks 3 4 2
Number of Turns (N) 40 21 27
Airgap length (mm) 0 4.9 0
Wire AWG 15 AWG 31 AWG 31
Total loss (W) 54.44 15.85 30.63
Total weight (kg) 10.96 31.17 2.59
Total volume (cm?) 1300 3500 356

CAPACITIVE COMPONENT LOSSES MODELLING

Losses on DC-link capacitors are not significant compared to those of the semi-
conductors and inductive components. It can be expressed as [5],

Pcap = 1(2;, RMS * Rgsr (4.56)

Where Ic, rvs is the RMS current through the capacitor. Rgpsg is the equivalent
series resistance, which can be extracted from the capacitor datasheet. The RMS
current of the DC-link capacitor of the Boost PFC recitifier can be expressed as,

A MB T 3MB
ICoBst,RMS = Ia\/ 4St (1 - St) (4.57)

/4
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The maximum RMS current of the DC-link capacitors of the T-type recitifier can
be expressed as [5],

5V3Mr 9Mj

1 =1 4.58
CoT,RMS = Iq “ar 18 ( )

4.1.3. ANALYTICAL MODELLING RESULTS
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Figure 4.5: System efficiency modelling: (a) System efficiency vs. load voltage. (b) System losses
vs. load voltage. (c) System efficiency vs. @ when V, = 1200 V. (d) System losses vs. « when
Vo =1200 V.

The losses and efficiency of the system and each stage can be obtained from the
loss modelling under various power-sharing ratio @ = 0.23 ~ 0.4 and load con-
dition (V, = 800~1500 V) (cf. [Fig. 4.5(a) and 4.5(b)]). The system can achieve a
peak efficiency of 97.89% under the system specifications in Table. 4.3. It can also
be observed that the system efficiency declines with the increase of the power-
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sharing on the T-type rectifier plus the PSFB. Notably, the passive diode bridge
and the Boost stage are highly efficient (> 99%) while the T-type rectifier and the
PSFB are less efficient, which is consistent with the analysis in Chpt. 3.

The system efficiency is also influenced by the load conditions. It can be ob-
served that the system efficiency increases as the load voltage increases. When
the output voltage varies from 800~1246 V (i.e., total output voltage at the max-
imum blocking voltage of the Boost switch, 1200x0.8/0.77), the power-sharing
can be maintained as amnin to achieve an optimal system efficiency. The discon-
tinuity at the transition point is caused by the change in a. The further increase
in the load voltage from 1246~1500 V can only be provided by the PSFB, render-
ing the a to increase from 0.23 to 0.36 (i.e., the power-sharing is determined by
the output voltage proportion). The rated operating point should be set around
Vo =1000~1500 V with a = 0.23~0.36 to guarantee a high system efficiency.

4.2, SIMULATION RESULTS

The system specifications of the simulation are listed in Table. 4.3. The power
rating is selected to be 50 kW where an abundance of available discrete semi-
conductors are available. The switching frequency of the Boost PFC is 5 kHz to
reduce the switching losses. The switching frequency of the T-type rectifier is set
to be 20 kHz to ensure the PFC and a low line current THD;. The power rating and
DC-link voltage range of each stage are determined by their maximum processed
power.

The simulation results of the hybrid rectifier system are shown in Figs. 4.6 and
4.7. The results are obtained under two power-sharing conditions to attest the
voltage/current modulation, i.e., @ = @min and a < amin. It can be observed that
the DC-link voltage of each stage can be stabilized at their reference value, de-
livering a total 1200 V output voltage regardless of the power-sharing. For the
current control, the T-type rectifier is able to compensate for the current shape
of the imposed diode bridge when a = anj,, forming a close-to-sinusoidal line
current waveform (cf. [Fig. 4.7]). The line input current total demand distortion
(TDD) is 1.97% < 5% with its individual harmonic component meeting the IEEE-
519 requirements, implying that no added filtering stages are required (cf. [Fig.
4.8]).

Nevertheless, protection circuits, Electromagnetic Interference (EMI) filters, and
LCL filters are necessary to guarantee a safe operation under various load condi-
tions for industrial applications. When the power-sharing @ < anjn, the system
loses the unity-power-factor operation, injecting distorted currents into the line,
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Table 4.3: System specifications

RMS input line voltage v, p,c (V) 230

Line frequency fi, (Hz) 50
System power rating P, (W) 50k
Boost power rating P, st (W) 30k-38.5k
T-type power rating P, g, (W) 11.5k-20k
PSFB power rating P, g, (W) 11.5k-20k
Boost switching frequency fswpst (Hz) 5k

T-type switching frequency fsw,1 (H2) 20k

PSFB switching frequency fswm (Hz) 20k

Total DC-link voltage V,, (V) 1200
Boost DC-link voltage V, gt (V) 924 (1200x0.77)
T-type DC-link voltage V1 (V) 600

PSFB DC-link voltage V,, &, (V) 276 (1200x0.23)
Boost DC inductor Lgg (mH) 2.5

T-type filter inductor Lt (mH) 0.3

PSFB filter inductor Ls (mH) 0.33

PSFB transformer leakage inductor Ly (uH) 30

Boost DC-link capacitor Cyps; (UF) 2350
T-type DC-link capacitor Cot (UF) 2000
PSFB DC-link capacitor C¢ (uF) 47

PSFB turns ratio n 1

PSFB maximum duty cycle Dg, max 0.4

which is consistent with the analysis in Chpt. 3.2. It can be concluded that the
voltage/current modulation technique originally applied in the IPOP topology is
still effective in the IPOS topology.

Load step Simulation results under load step conditions are shown in Fig. 4.10
and 4.9. A step-up of load power from 25 kW to 50 kW is set at the time instance
of 0.2s. It can be observed that the PFC functions desirably, offering a close-to-
sinusoidal phase current and a unity power factor at steady-state. The DC-link
voltage of each stage, despite some transients, is regulated to its reference value.

Phase loss Simulation results under the condition of a phase loss are shown
in Fig. 4.11. In this case, the phase shift between the two phases of the grid is 7.
The PFC can be achieved by the Boost PFC rectifier alone with the T-type rectifier
disconnected from the AC front-end. Now the total DC-link voltage is the DC-link
voltage of the Boost PFC rectifier, which can be regulated between 650 — 960V
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And the output power is 25 kW considering the phase loss and the maximum
power-sharing on the Boost PFC rectifier. It can be observed that grid currents
of two phases can be regulated to a close-to-sinusoidal shape. The active PFC
functions normally with only the Boost PFC stage.

Paralleled modules Simulation results of two paralleled modules are shown in
Fig. 4.13 and 4.14. The schematic of the two paralleled modules are shown in
Fig. 4.12. The power rating of the system is 100 kW with two modules of 50 kW.
It can be observed that each module delivers a power of 50 kW and the current
is evenly shared by two modules. At the AC front-end and the DC back-end, the
total current is the addition of the currents of two paralleled modules. The PFC
functions normally and the DC-link voltage regulation is not influenced by the
parallel connection between modules, which attests the scalability of the pro-
posed topology.
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5.1. EXPERIMENTAL SETUP

The experimental verification was performed to attest to the feasibility of the ac-
tive PFC control applied in the hybrid rectifier system, which allows the control-
lability of the DC-link voltage and the grid current. Here, the operation of the
Boost PFC rectifier is validated. The system specifications are listed in Table. 5.1.
The test setup is shown in Fig. 5.1. The passive diode bridge is implemented by
a modular three-phase diode bridge. The Boost converter stage is implemented
by a phase leg of a 2-level inverter in a rectifier configuration. The required in-
ductors in the Boost converter stage are assembled. Because of the current ripple
requirements and the low power rating, a larger inductance value is required to
guarantee a CCM operation. The voltage and current sensors on the circuit board
are calibrated to ensure the accuracy of the measurements.

Load Resistor

i

Figure 5.1: Lab setup

5.2. EXPERIMENTAL RESULTS

Firstly, an open-loop test was carried out to verify the current reference genera-
tion and the boost operation. The results are presented in Fig. 5.2 and 5.3. It can
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Table 5.1: Experimental specifications

RMS input line voltage v, p ¢ (V) 230

Line frequency fi, (Hz) 50

Power rating P, (W) 1.2k

Boost switching frequency fswpst (Hz) 36k

Boost DC-link voltage V, pst (V) 616 (800x0.77)
Boost DC inductor Lgst (mH) 4.7

Boost DC-link capacitor Cypg; (UF) 360

be observed that the output voltage of the passive diode bridge is the expected
six-pulse waveform in a line cycle. A resistive load is implemented and the six-
pulse Boost inductor current waveform can be observed. The DC output voltage
is boosted to 618 V, which is approximately the desirable value. The current refer-
ence signal is generated by taking fragments of the line voltage and calculated by
the digital signal processor (DSP), which is identical to the waveform in Fig. 3.1.
This implies that the control algorithm, communication, and the circuit function
desirably under open loop operation.

YOKOGAWA 4 2022/07/21 14:01:07 NormHi-Res ~ Edge CH1 £ 370 V
Preview 13006 25MS/s Auto

Main = 1.25 W ! - bms/div

gt oy 5 iy i i ity :
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Figure 5.2: Open loop test results

Subsequently, the closed-loop control was implemented to regulate the DC out-
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Figure 5.3: Duty cycle and current reference signal

put voltage and shape the AC input current. The results are shown in Fig. 5.4, 5.6,
and 5.5. It can be observed in the multimeter that the DC-link voltage is stabi-
lized at 615.3 V. The difference is caused by the offset of the sensor and the small
voltage ripple of the DC output. The inductor current is controlled to follow the
reference signal waveform which is in phase of the line voltage, implying that the
PFC closed-loop control is effective. The switching frequency is indeed 36 kHz
and the switching behavior matches the calculated duty ratio. Resonant behav-
ior can be observed in the current waveform. This is caused by the resonance
between the Boost inductor and the parasitic capacitance of the MOSFET in the
phase leg of the 2-level inverter.

In conclusion, the active PFC control scheme is effective in the Boost PFC recti-
fier with desirable DC-link voltage and AC current modulation. With this current
modulation technique, it is possible to parallel rectifier systems and shape the
current separately to achieve a close-to-sinusoidal gird current and a unity PE
The current modulation for the unidirectional T-type rectifier is similar to that of
the Boost PFC rectifier. Due to the limited resources and time, tests on the T-type
rectifier and the IPOS hybrid rectifier system integration will be carried out in
future work.
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Figure 5.4: Closed loop test results
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Figure 5.5: Closed loop test results
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Figure 5.6: AC source and DC output voltage measurements
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6.1. CONCLUSION

This thesis proposed an Input-Parallel-Output-Series (IPOS) hybrid rectifier topol-
ogy which is derived from the Input-Parallel-Output-Parallel (IPOP) hybrid rec-
tifier in [5]. The hybrid rectifier system is able to deliver a high and wide out-
put voltage range of 800~1500 V without the need of upscaling the 600/1200 V
semiconductors to 1200/1700 V semiconductors. The PPP characteristic yields a
high system efficiency under various power-sharing and load conditions without
hindering the effective PFC and is thus suitable for applications such as ultra-
high-power DC-type fast chargers. The feasibility and reasonableness of the pro-
posed topology are verified using the combination of a Boost PFC rectifier, a T-
type rectifier, and a Phase-Shifted Full-Bridge converter by simulation, analytical
loss modelling, and experimental verification. The inductive components in the
system are designed through multi-objective optimization. The results attest to
the theoretical analysis, demonstrating that the proposed topology fulfills all the
general/specific requirements placed on a high-power AC-DC PFC rectifier sys-
tem.

* Scalable and can be paralleled to process ultra high power (> 1 MW);

* Capable of delivering a relatively high and wide output voltage (800-1500
V) to interface next-generation HDEV batteries;

* Unidirectional power flow;

* Active PFC which provides a close-to-unity power factor (PF) and a close-
to-sinusoidal grid current in compliance with, e.g., IEEE-519 standard;

* Highly efficient and cost-effective;

* Handling of a phase loss condition.

6.2. FUTURE WORK
Directions of future work are listed as follows.
* The efficiency and power density of the proposed IPOS hybrid rectifier sys-

tem shall be studied under a wide power rating range and switching fre-
quencies;

* An experimental validation of the full system shall be carried out with a
comparison of the conventional high-power charger solutions;
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* More benefiting combinations of topologies and control schemes shall be
benchmarked for the proposed IPOS topology.
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APPENDIX A POWER-SHARING RATIO CONSTRAINTS
Derivation of the minimum power-sharing ratio amin

When « = anin, the average current of the Boost inductor can be calculated by

1 21 .
I gst, avg = E/(; iBstwt)dwt
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The average current of the Boost inductor is equal to the average output DC cur-
rent of the three-phase diode bridge in the Boost PFC topology. The average out-
put current of a three-phase diode bridge can be derived from the relationship
between the power processed by the Boost PFC and the average output voltage
of the diode bridge.

/6 3v3 .,
f V3V, coswtd(wt) = iVa
0 i1

2
de,avg = m

(I1-amin)Po 7

ILBst,avg = V 3\/5
a
2)
_2(V3-1)P,
7V,
6v3-18
Qmin =1+ — s

T



	Acknowledgements
	Abstract
	List of Figures
	List of Tables
	Introduction
	Background And Motivation
	Background
	Motivation

	Research Objectives

	Literature Review
	Introduction
	EV Fast Charging Technology
	Standards Of Fast Charging
	Architectures And Topologies
	Charging Station Architectures
	Front-End AC-DC Converter Topologies
	Back-End DC-DC Converter Topologies


	Partial Power Processing
	Hybrid Rectifier
	Active Power Factor Correction (PFC)


	Proposed Hybrid Rectifier Topology
	Topology Derivation
	Control Strategy
	Active PFC Control
	Control Of The Isolated DC-DC Converter
	Constraints Of The Unidirectional Power Flow

	Passive Components Parameter Design
	Boost PFC Rectifier
	Unidirectional T-Type Rectifier
	PSFB Converter


	Simulation And Modelling
	Analytical Modelling
	Semiconductor Losses Modelling
	Conduction Losses
	Switching Losses

	Passive Component Losses Modelling
	Inductive Component Losses Modelling
	Inductive Component Optimized Design
	Capacitive Component Losses Modelling

	Analytical Modelling Results

	Simulation Results

	Experimental Verification
	Experimental Setup
	Experimental Results

	Conclusion And Future Work
	Conclusion
	Future Work

	Bibliography
	Appendix A Power-Sharing Ratio Constraints

