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Abstract: The rising Greenhouse Gas (GHG) emissions stemming from the extensive use of
automobiles across the globe represent a critical environmental challenge, contributing significantly
to phenomena such as global warming and the deterioration of air quality. To address these
challenges, there is a critical need for research and development in electric vehicles (EVs) and their
associated charging infrastructure, including off-board and on-board chargers (OBCs). This paper
aims to bridge the gaps in existing review literature by offering a comprehensive review of both
integrated and non-integrated OBCs for EVs, based on the authors’ knowledge at the time of writing.
The paper begins by outlining trends in the EV market, including voltage levels, power ratings, and
relevant standards. It then provides a detailed analysis of two-level and multi-level power converter
topologies, covering AC-DC power factor correction (PFC) and isolated DC-DC topologies.
Subsequently, it discusses single-stage and two-stage non-integrated OBC solutions. Additionally,
various categories of integrated OBCs (iOBCs) are explored, accompanied by relevant examples.
The paper also includes comparison tables containing technical specifications and key
characteristics for reference and analysis.

Keywords: electric vehicles (EVs); on-board battery chargers (OBCs); power factor correction (PFC);
integrated OBCs (iOBCs); bidirectionality; auxiliary power module (APM); propulsion system;
traction inverter

1. Introduction

The escalating levels of Greenhouse Gas (GHG) emissions, primarily stemming from
the combustion of fossil fuels in a vast array of vehicles worldwide (including
motorcycles, cars, trucks, trains, buses, planes, ships, etc.), present significant threats by
contributing to global warming and compromising air quality. The transport sector
generates a considerable amount of these emissions, especially road transport, accounting
for 95% of the total GHGs [1]. Electric vehicles (EVs) have emerged as a promising
alternative to traditional fossil-fuel-powered cars, attracting attention due to their ability
to reduce GHG emissions significantly. However, it is commonly known that with a fossil-
fuel-based power generation system, EVs can still contribute to GHG production and,
therefore, cannot be regarded as purely environmentally friendly. As a result, renewable
energy sources (RESs), such as photovoltaic (PV), can be integrated into the EV charging
infrastructure to improve the sustainability of the transportation system. It is reported
that EVs can achieve up to 72% when powered by conventional energy sources and up to
97% in GHGs when utilizing RESs [2,3]. The increasing adoption, followed by the rise in
EV sales, have fueled research and development efforts aimed at creating high-efficiency
and reliable EV charging solutions.
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EV chargers can be categorized based on their location (inside or outside the EV) and
power rating into on-board and off-board (stand-alone) chargers [4,5]. An off-board
battery charger is typically designed for high power flow, supporting DC fast and ultra-
fast charging, and is situated outside the EV. However, they suffer from inflexibility
regarding charging locations and typically incur higher costs for the installation of their
battery management system (BMS) [4]. Conversely, the on-board battery chargers (OBCs)
are installed inside the EV and facilitate low-power slow AC charging [6]. They are
indispensable EV components, enabling the charging wherever a wall outlet is available
and are appreciated for their lightweight construction, high power density, and efficiency
[7,8]. As shown in Figure 1, the OBC comprises two power conversion stages. The first
stage is the AC-DC conversion, which transforms the single-phase or three-phase AC grid
voltage into a DC voltage with low total harmonic distortion (THD) and a high power
factor (PF) [6]. Various two-level and multi-level PFCs have been used in high-power
OBCs, including three-phase boost-type (also known as full-bridge (FB)) [9], totem-pole
(TP) converter [6,7,10,11], and multi-level topologies (Vienna rectifier [12,13], neutral-
point-clamped (NPC) converter [14-17], flying-capacitor (FC) topology [18-22], and
modular multi-level converters [23-25]). The second stage involves an isolated DC-DC
converter, which regulates the input DC voltage concerning the HV battery voltage and
current profile. The most common isolated DC-DC converter topologies are dual-active-
bridge (DAB) converter [26,27] and resonant DAB converter [28-30].
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Figure 1. EV charging system with on-board and off-board chargers.

However, due to the considerable number of components involved, the two-stage
power conversion approach is less favored for OBCs [6]. To address the limitations of two-
stage chargers, single-stage OBCs have been developed, merging the functionalities of the
AC-DC and DC-DC converters. This integration can lead to more compact and cost-
effective solutions by eliminating the need for bulky DC-link capacitors. However, such
designs often come with increased complexity in both design and control.

The power electronic converters employed In single-stage or two-stage charger
configurations must target specific key performance indicators, including high efficiency,
high power density, reliability, and cost-effectiveness [31]. They can provide either
unidirectional or bidirectional power flows. While bidirectional power flow adds
complexity and power losses, it enables functionalities like grid-to-vehicle (G2V), vehicle-
to-grid (V2G), vehicle-to-vehicle (V2V), vehicle-to-home (V2H), and vehicle-to-load (V2L)
[32].
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To overcome size and cost constraints while achieving higher power density, eVs are
increasingly adopting integrated OBCs [33]. The EV propulsion system, comprising the
motor and the traction inverter (also known as the motor drive), encompasses all the
essential components of a standard OBC system and can, thus, be integrated into it [34].
Additionally, the auxiliary power module (APM), serving as an intermediate isolated DC-
DC converter between the HV propulsion battery and the low-voltage (LV) battery, can be
integrated into the DC-DC stage of the OBC [35]. Another approach to saving space inside
the EV involves incorporating wireless charging functionality into the OBC [35].
Accordingly, three types of integration have been defined: propulsion system integrated
OBC (iOBC), APM iOBC, and wireless iOBC. In propulsion system iOBCs, the DC-AC
traction inverter can serve as the AC-DC PFC rectifier in the OBC, while the motor
windings can be reconfigured and used as the grid-side filter inductors or an inductor in
the DC-DC converter. These systems are subdivided into six categories based on the
components of the propulsion system utilized during charging, which include multi-
winding (multi-phase) propulsion systems [36—49], access to the motor’s neutral point
[50-52], reconfiguration of motor windings [53], split motor windings [4,54-62], add-on
interface systems [63,64], and traction inverter [65-75] iOBCs. In the first five categories,
both the traction inverter and electric motor (e.g., switched-reluctance motor (SRM),
permanent magnet synchronous machine (PMSM), induction machine (IM)) windings are
integrated into the OBC. In the sixth category, only the traction inverter is integrated into
the charger.

While integrating different units into the charger can optimize component utilization
and enhance overall system efficiency, it may lead to thermal management challenges [33].
A modular approach can aid in better thermal management by distributing heat across
multiple modules [24,25]. Additionally, torque production during charging, voltage
ripple, and second-harmonic ripples are other challenges requiring careful consideration
during the integration of other units into the OBC [6].

Several recent review articles have delved into both integrated and non-integrated
on-board chargers (OBCs), as outlined in Table 1, underscoring their significant
contributions. Wired and wireless on-board and off-board battery chargers have been
explored in [1]. Additionally, authors in [4,6] have provided reviews on non-integrated
bidirectional single-stage and two-stage OBCs. Propulsion system integrated OBCs have
been scrutinized in [33,34,75-77]. However, many of these papers tend to focus solely on
either integrated or non-integrated OBC solutions, often lacking in-depth technical
specifications. The study in [35] also encompasses only high-power (>7.4 kW) integrated
and non-integrated OBCs.

Table 1. Recently published review papers on OBC solutions.

Ref. Contributions Publication Year
[1] Wired and wireless on-board and off-board battery chargers 2021
[4] Single-stage and two-stage bidirectional isolated non-integrated OBCs and modulation techniques 2023
[6] Single-stage and two-stage bidirectional non-integrated OBCs 2024
[31] Power electronic converters for on-board and off-board chargers 2023
[33]  Propulsion system iOBCs 2022
[34] Two-level and multi-level power electronic converters for OBCs and traction inverter iOBCs 2023
[35] High-power integrated and non-integrated OBCs (>7.4 kW) 2019
[75]  Propulsion system iOBCs 2019
[76]  Traction inverter integrated OBCs (iOBCs) 2018
[77]  Single-stage and two-stage non-integrated OBCs and propulsion system iOBCs 2023

The aim of this paper is to address the gaps found in previously published literature
reviews. To accomplish this goal, the paper begins with a comprehensive examination of
power electronic converter topologies used in non-integrated OBCs. It then explores
discussions on single-stage and two-stage OBC solutions. Additionally, the paper explains
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various types of iOBCs, incorporating examples sourced from the literature. Furthermore,
it provides detailed technical specifications and key characteristics of different topologies,
including OBC power rating, HV battery voltage level, converter topology, switching
frequency, power density, efficiency, bidirectionality, and component count, among
others, presented in comparison tables.

The remainder of this paper is structured as follows: Section 2 delves into trends in
EV sales, voltage levels, power ratings, and relevant standards. In Section 3, high-
efficiency power electronics converters for the AC-DC power factor correction (PFC) and
isolated DC-DC conversion stages are discussed. Following this, single-stage and two-
stage non-integrated OBC solutions are provided. Section 4 encompasses various types of
iOBCs. Finally, Section 5 presents the conclusions drawn from our discussions.

2. Trends in EV Sales, Voltage Levels, Power Ratings, and Relevant Standards

The rise in EV sales has been consistent in recent years, attributed to ongoing
incentives, the introduction of new models, and increasing consumer interest. The Global
EV Outlook emphasized the substantial impact of the COVID-19 pandemic on the global
EV market, with a one-third decrease in new car registrations observed in the early part
of 2020 compared to the previous year [2,3]. Despite this overall decline in EV sales, their
registrations surged by as much as 70%, reaching a record of 3 million new registrations
in 2020, signifying a 4.6% annual growth. The market is primarily dominated by China,
Europe, and the U.S., with Europe leading at 1.4 million new registrations, followed by
China at 1.2 million, and the United States at 295,000. Global EV sales surpassed 16.5
million units by 2021, and annual sales are projected to increase to 20.6 million by 2025
from the 6.6 million achieved in 2021. By 2030, eVs are expected to represent
approximately 42%, 27%, and 48% of light-duty vehicles in Europe, the United States, and
China, respectively. The share of EV sales is forecasted to reach 80% by 2040, as shown in
Figure 2. To meet the EV market goals outlined by the Global EV Outlook, expanding the
charging infrastructure and implementing relevant standards are crucial [2].
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Figure 2. Expected EV market share by 2040.

EV charging can occur in two forms: AC and DC voltage charging, each with different
power levels. AC charging is typically categorized into Level 1 and Level 2 charging for
OBCs [77]. AC single-phase charging utilizes a single-phase AC low-power supply for EV
charging and is often employed in slow charging scenarios. This method involves multi-
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stage power conversions, such as AC-DC and DC-DC conversions, resulting in low-
voltage ripples and a relatively high power rating [5]. On the other hand, AC three-phase
charging employs a three-phase AC power supply, allowing for higher power delivery
compared to single-phase charging. This topology is frequently utilized in commercial
and public charging stations, facilitating faster charging rates [78]. In the DC charging
topology, AC power sourced from the grid is initially converted to DC power using an
external rectifier. This rectifier transforms the AC power to DC, which is then supplied
directly to the EV battery. Compared to AC charging, DC charging is particularly suitable
for public fast-charging stations and long-distance travel, as it provides faster charging
rates. This topology commonly employs high-power chargers, capable of delivering
power levels ranging from tens to hundreds of kilowatts. DC charging is categorized as
Level 3 and ultra-fast charging, necessitating off-board chargers for implementation.

AC and DC charging levels, along with their specifications in terms of power level,
supplied voltage, charger location, charging time, etc., are outlined in the following
sections and summarized in Table 2.

Level 1: Level 1 charging is the slowest option and supports the lowest power level.
A Level 1 AC charger typically operates with a single-phase input voltage of 120 Vac/230
Vac and delivers approximately 3.7 kW of power. The connection is often made using a
standard J1772 connector into the EV AC port [79]. While Level 1 chargers are low-cost,
the power they provide is usually insufficient for overnight charging of eVs [77].

Level 2: Level 2 AC chargers include both single-phase and three-phase grid
connections, typically operating with an input voltage of 208 Vac or 240 Vac. While in the
US, Level 2 charging connectors are either the SAEJ1772 Type 1 or the proprietary Tesla
plug; in Europe, the IEC 62196-2 Type 2 plug is used for Level 2 AC charging. Most eVs
available on the market support Level 2 charging, with power levels ranging from 3.7 to
22 kW [80,81]. The choice of power level depends largely on the trade-off between
charging time and cost of the converters. Currently, 6.6 kW is widely used, allowing a 60
kWh battery to charge from 20% to 80% in approximately 5.5 h [82]. With Level 2 charging,
most commercial eVs can achieve a full overnight charge.

Level 3: The limitations of on-board Level 1 and Level 2 AC chargers, including their
restricted power ratings and longer charging durations, have prompted the development
of Level 3 DC fast chargers. These advanced chargers can manage power levels ranging
from 50 kW to 300 kW and effectively charge existing EV batteries within 30 minutes. In
the US, Level 3 DC charger connectors comprise CCS combo 1, CHAdeMo, and the Tesla
Supercharger; while in Europe, CCS combo 3, CHAdeMo, and the Tesla Supercharger are
utilized.

Ultra-fast DC chargers: To further alleviate the range anxiety experienced by EV
drivers and enhance competitiveness with traditional IC engine-based refueling
processes, DC ultra-fast charging has emerged as a promising solution. This method aims
to fully charge EV batteries within 10 minutes, typically rated at power levels of 400 kW
or higher [83]. However, the significant power flow between the grid and EV poses
challenges and necessitates further research in some areas.
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Table 2. AC and DC charging levels and their specifications.

Supplied Power Current  Charging Charging Driving

Charging Level Location Voltage Supply Type Level Level Time Rate Range Connector

Level 1 On-board 120 Vac (US)

(AC s?ow (residential) 230 Vac (EU) Single-phase 3.7 kW 12-16 A 10-15h 16-50 kWh 5 miles SAE J1772 T1 (US)

charging)

Leve 2 On-board . SAE J1772 T1 (US)

(AC accelerated (Residential or iég zac (ES) %:‘gle'p}i‘ase 37-22kW 1580 A 357h  16-30 kWh 10-20 miles IEC 62196 T2 (EU)

charging) work place) ac (EU) Three-phase GB/T20234 (China)
CCS Combo 1 DC (US)

Level 3 Off-board 480 Vac (US) Max ggfgggggc‘igfﬁ

(DC fast charg- (Public places 400 Vac (EU) Three-phase 50-350 kW DAMUM 16 30 min 20-50 kWh >75 miles ma

i like gas stations) 300-600 Vdc 400 A SAE J3068 AC (US)

ing) [EC 62196 T2 AC (EU)
GB/T20234 AC (China)

DC ultrafast Off-board

N WHATaSt  public place like >800 Vdc ~ Three-phase >400kW  >400A  [10min  20-50 kWh >100 miles ~ CCS/CHAdeMO (EU)

charging gas station)

As an electronic sub-assembly (ESA), the OBC must adhere to specific regulatory
standards to ensure compliance with aspects such as grid stability, safety, and
interoperability [84]. Various standardization bodies contributing to the development of
regional and international norms play a crucial role in this process, including the
Combined Charging System (CCS) in Europe, the CHAdeMO Association in Japan, the
North American Charging Standard (NACS), Nippon Electric Company (NEC), the
Society of Automotive Engineers (SAE), the International Electrochemical Council (IEC),
Guobiao Standards (GB), Underwriters Laboratories (UL), Institute of Electrical and
Electronic Engineers (IEEE), and the International Organization for Standardization (ISO).
These organizations contribute to the development of both regional and international
norms [34]. Table 3 provides a summary of the standards required in the research and
development of an OBC.

Table 3. Summary of international standards related to OBC charger development [34,85,86].

Standard Code Description
IEC61851-1 General requirements

Power quality regulations (maximum permissible THD of 20% and minimum acceptable PF of
IEC 61000-3

0.95)
IEEE 519 Maximum permissible THD of 7%
IEC 60950 Galvanic isolation
IEC 62196
SAEJ1772 Standards predominate in EU, the US, Japan, and China for connectors interfaces and inlets

i i , 3 , i i i

CHAdeMO P P
GB/T 20234
IEEE 1547
IEEE 2030 IEC 62109
UL 1741 Microgrid inverter standards for bidirectional OBCs when injecting power into a local grid
NB/T 33015

CISPR 25 (Class 1-5)

ISO 11452 (Class 1-11)

Limitations on EMI radiations during the operation of the OBC

ISO 10605 Immunity of a module against electrostatic discharge (ESD)
1SO 16750 Electrical safety standards for OBCs, including leakage current, operational integrity, re-
UL 2202 sistance to vibrations, and tolerance to environmental conditions (humidity, thermal, and vi-

bration tests)

IEC 61850-90-8

V2G communication (bidirectional discharging/charging)
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3. On-Board Battery Chargers (OBCs)

OBCs are primarily classified into two categories: (i) integrated and (ii) non-
integrated configurations, determined by their connections to the propulsion system,
APM, and wireless charging unit. Non-integrated OBCs function as independent units,
simplifying design and control processes. However, this setup may introduce redundant
components, leading to increased power losses and elevated costs. Conversely, integrated
OBCs (iOBCs) optimize the use of charger components, boosting power density and
system efficiency [6]. The EV’s propulsion system, comprising the motor and the traction
inverter, embodies the essential elements of a conventional OBC system and can be
integrated seamlessly [34]. Additionally, the APM unit, serving as a DC-DC converter
between the HV and LV batteries, can be incorporated into the OBC’s DC-DC stage [35].
Some designs even integrate wireless charging functionality within the OBC to conserve
space inside the EV [35]. Based on these integration approaches, three specific types of
integrated OBCs are recognized: propulsion system iOBC, APM iOBC, and wireless iOBC.
Both integrated and non-integrated OBCs can be further categorized into multiple types,
as illustrated in Figure 3 and detailed in the subsequent discussion [35].
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Figure 3. The classification of OBC topologies for EV applications.

3.1. Non-Integrated OBCs

A non-integrated OBC serves as a distinct component within the EV, facilitating the
connection of the charging input and supplying output power at the desired level to the
HV propulsion battery [6]. Based on the number of power conversion stages, non-
integrated OBCs can be divided into single-stage or two-stage topologies, as shown in
Figure 3.

Two-stage non-integrated OBCs typically consist of an electromagnetic interference
(EMI) filter, an AC-DC power factor correction (PFC) unit, and a DC link, followed by a
galvanically isolated DC-DC converter, as illustrated in Figure 4a. Alternatively, in single-
stage OBCs, the AC voltage can be rectified directly and converted to the necessary high-
frequency battery voltage by consolidating the functionalities of the AC-DC PFC and the
isolated DC-DC converters, as shown in Figure 4b. As a result, bulky DC-link capacitors
can be avoided, power density is improved, and the cost is reduced. However, these
benefits come at the expense of a more intricate design and control [31].
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The following subsections present potential candidates for the sub-systems of two-
stage non-integrated OBCs, namely the AC-DC and DC-DC power converters. Following
this, a review of various two-stage and single-stage non-integrated OBC solutions found
in the literature is provided.

3.1.1. Two-Stage Non-Integrated OBCs

AC-DC PFC Converter Topologies for Two-Stage Non-Integrated OBCs

Conventional AC-DC rectifiers interfacing the AC grid can lead to voltage drop,
harmonic injection, and poor power factor and power quality caused by flat topping at
the AC grid [87]. Therefore, a PFC AC-DC rectifier is utilized in EV applications to deal
with these issues. Various two-level and multi-level PFCs have been implemented in high-
power OBCs. Examples include three-phase boost-type PFC, totem-pole (TP) converter,
and multi-level topologies [6,7,10,11,88].

A two-level three-phase boost-type PFC, which is also referred to as three-phase full-
bridge PFC, is shown in Figure 5a [88]. Low efficiency under partial loads, harmonic
distortion, and heat dissipation characteristics are the main concerns that should be taken
into consideration during design, implementation, and control of this topology [6]. The
bridgeless totem-pole PFC illustrated in Figure 5b has emerged as a preferred option in
numerous OBCs, primarily because of its bidirectional power flow capability and
decreased conduction losses facilitated by synchronous rectification [6,7]. It comprises a
low-frequency and a high-frequency switching leg functioning as a boost converter and
the rectifier, respectively [10]. Its variants, such as two- and three-channel interleaved
totem-pole PFCs, are shown in Figure 5¢,d. These variants have the capability to diminish
output voltage ripple and enhance system efficiency [11].
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Figure 5. Examples of two-level AC-DC PFCs for two-stage OBCs. (a) Three-phase boost PFC (full-
bridge PFC) [88], (b) totem-pole PEC [10], (c) two-channel interleaved totem-pole PFC [11] and (d)
three- channel interleaved totem-pole PFC [6].

To minimize dv/dt rate and distributed losses, in addition to improving reactive
power injection while ensuring a favorable THD value, multi-level PFCs are frequently
employed in OBCs. Multi-level topologies include the Vienna rectifier [12,13], neutral-
point-clamped (NPC) converter [14-17], flying-capacitor (FC) topology [18-22], and
modular multi-level converters [23-25].

Six additional switches are added to the full-bridge PFC converter shown in Figure
5a to construct the three-level Vienna rectifier (also known as T-type boost PFC) shown in
Figure 6a. This converter offers the lowest conduction loss as only one power switch is
used over a significant portion of the switching time [8]. Moreover, simpler control and
gate driver circuits are required compared to other multi-level topologies [4]. While this
topology can achieve efficiencies exceeding 99% for switching frequencies below 100 kHz
[89], it encounters significant switching losses due to the requirement for a voltage
blocking capability suitable for the entire DC-link voltage across power switches. This
issue can be addressed by employing a neutral-point-clamped (NPC) converter.
Conventional passive-clamped NPC converters encounter more conduction losses [14-
16]. To address this concern, the active-neutral-point-clamped (ANPC) converter depicted
in Figure 6b is introduced to mitigate forward conduction losses in the diode. However,
this solution entails increased cost implications [17]. It is worth mentioning that an
additional leg is required for balancing the capacitor voltage of a three-level converter in
case the applied modulation scheme cannot maintain balance [90].

Conventionally employed in medium-voltage power electronics, the flying capacitor
(FC) converter topology shown in Figure 6c has recently showcased high efficiency for
low-voltage grid-tied applications [96]. This is attributed to their reduced semiconductor
count compared to the ANPC topology and modular structure [18-22,91]. A notable
drawback of these configurations is the need for pre-charge circuits. Moreover, the
voltages across FCs may become unbalanced during transient conditions. Consequently,
voltage stresses may surpass the nominal value [22].

The power level and reliability of the AC-DC PFC stage can be further increased
using the modular multi-level (MMC) converter shown in Figure 6d. Nevertheless, MMC
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topologies often suffer from reduced efficiency resulting from switching and inductor
losses [23]. Furthermore, the decrease in EMI filter components necessitates the use of a
large capacitor
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Figure 6. Examples of multi-level AC-DC PFCs for two-stage non-integrated OBCs: (a) three-level
T-type boost PFC (Vienna rectifier), (b) active-neutral-point-clamped (ANPC) converter, (c) flying-
capacitor (FC) topology, and (d) modular multi-level converter.
DC-DC Converter Topologies for Two-Stage Non-Integrated OBCs
In the non-integrated two-stage OBC shown in Figure 4a, a DC-DC power stage is
employed to regulate the DC-link voltage in accordance with the charging profile of the
HV battery [92]. This component plays a crucial role in providing galvanic isolation
between the HV battery pack and the AC grid, a requirement specified by the UL 2202
and IEC 60950 standards [93]. Figure 7 illustrates the commonly employed isolated
bidirectional DC-DC converter topologies in OBCs, including the dual-active-bridge
(DAB) converter [26,27] and resonant DAB converters (e.g., LLC, CLLC, and LCL-T) [28-
30].
s s
By B o I ; = ;f ] It 15 ‘—C|m L, . Ci } 15 1_‘
Vuc — "g _—%Vbanery Vdc :T " _—%Vbattery
H u . .
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Figure 7. Isolated DC-DC converter topologies for two-stage non-integrated OBCs: (a) dual active
bridge (DAB) converter; (b) resonant DAB converter (CLLC).



Energies 2024, 17, x FOR PEER REVIEW

11 of 40

The DAB topology comprises full-bridge (FB) topologies on both the primary and
secondary sides, interconnected by a high-frequency transformer (HFT), as depicted in
Figure 7a. To enhance the leakage inductance of the transformer, a supplementary series-
connected inductor can also be added to the topology [6]. The DAB converter is
distinguished by its high efficiency and power density, bidirectionality, inherent soft
switching, galvanic isolation, as well as wide spectrum of voltage transfer ratios [26,27].
However, effectively managing DC bias poses a significant challenge in DAB topologies.
To mitigate this issue, a low-voltage DC blocking capacitor can be connected in series with
the transformer winding [94,95]. This solution, however, comes at the expense of
sacrificing power density [96].

Several variants of DAB converter topologies have been introduced in the literature,
including two-level and multi-level configurations. Examples include the two-level series-
input-series-output (SISO) DAB converter [90], three-level NPC and ANPC DAB
topologies [97-99], three-level DAB converter with DC blocking capacitors, and three-
level three-phase DAB converter [95], among others [95,97-99].

Resonant DAB converters are widely used EV applications. They achieve inherent
zero-current switching (ZCS) and zero-voltage switching (ZVS) across the entire load
range. In contrast to the DAB, the resonant DAB converter operates with a variable
switching frequency, leading to increased switching and transformer losses [99,100].
Depending on the number of reactive elements and their connections, various variants of
resonant DAB converters, such as CLLC, LCL-T, and LLC [101-108], are developed.
Examples of two-level and multi-level variants DAB and resonant DAB converters are
shown in Figure 8, with their technical specifications listed in Tables 4 and 5.

Table 4. Technical specifications of two-level and multi-level DAB-based converters for two-stage
non-integrated OBCs.

Ref. Topology Power Range  Switching Frequency Output Voltage Efficiency Year
[90] Two-level SISO DAB 10 kW 140400 kHz 250-100 Vdc - 2022
[97]  Three-level ANPCDAB 3.3kW 75-300 kHz 800 Vdc ~98% 2022
[99]  Three-level DAB 3.5 kW 50 kHz 700 Vdc ~95.5% 2019
[100] Three-level DAB 5 kW 50 kHz 1.5 kVdc - --
InF JafL, IaF 5 J
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Figure 8. Examples of two-level and multi-level variants of DAB and resonant DAB converter
topologies for two-stage non-integrated OBCs: (a) two-level series-input-series-output DAB
converter [107], (b) three-level ANPC dual active half-bridge topology [97], (c) three-level DAB
converter with blocking capacitors [94], (d) three-level three-phase DAB converter [100], (e) two-
level CLLC resonant converter with three modular transformers [102], (f) multi-level stacked-half-
bridge with LCL-T network with DC blocking capacitors [1].

Table 5. Technical specifications of two-level and multi-level resonant DAB-based converters for
two-stage non-integrated OBCs.

Ref. Topology Power Range Power Density 2::::;“1‘% Fre- Output Voltage Efficiency Year
(101 CLLC * afour-channelinter- 6.1 KW/L - 200~800 Vde - 2021
leaved buck converter
(07 [Wo-level CLLCwithmod-—, 146 kW/L 500 kHz 800 Vdc 97.9% 2022
ular transformers
[103] CLLC 22 kW 8 kW/L 135-250 kHz - 98.5% -
[105] CLLC 3.3 kW 7.9 KW/L 435-575kHz 400 Vdc 97.6% 2022
[106] HB CLLC 1 kW - 391-500 kHz 400 Vdc 95.7% 2020
[107] Multi-level stacked HB CL-T6.6 kW 7.3 kW/L 500 kHz 150-950 Vdc 98.2% -
[108] LLC 3.2 kW 4 kW/L 75-300 kHz 400 Vdc 98.5% 2020
[109] CLLC 18 kW 8.7 kW/L - 400 Vdc >98.8% 2021
[110] CLLC 3.3 kW - 140-180 kHz 400 Vdc 96-98% 2017
[111] CLLC 6 kW 3 kW/L - 400 Vdc >98% 2017

Two-Stage Non-Integrated OBC Solutions

Examples of the most recent high-efficiency and high-power-density two-stage non-
integrated OBC solutions are reviewed here, with their key characteristics summarized in
Table 6.

A two-stage OBC rated at 6.6 kW is presented in [112], featuring a 300 kHz two-
channel interleaved totem-pole PFC and a 500 kHz operating CLLC resonant converter
for the first and the second power stages, respectively (see Figure 9a). This topology
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operates at a power density of 2.3 kW/L, achieving a maximum efficiency of 96.2%. To
increase the power density, the series resonant inductors on the primary and secondary
sides are combined with the HFT.

A similar two-stage OBC with a higher power density of 3.8 kW/L is presented in [10]
(see Figure 9b). In [113], the authors have developed another 6.6 kW two-stage OBC with
a 67 kHz totem-pole PFC and a 148~300 kHz CLLC resonant converter. However, unlike
the prior design in [10], the totem-pole PFC in this configuration is not interleaved. The
system described demonstrates a power density of 3.2 kW/L with an efficiency of 97%.

A 11 kW two-stage topology is presented in [92], in which a 350 kHz four-channel
interleaved totem-pole PFC is used at the single-phase grid side and a 500 kHz three-
phase CLLC resonant converter with a primary delta connection is used at the HV battery
side (see Figure 9c). To reduce the common-mode noise, Return Path Windings are added
to the primary side of the PFC stage. To reduce the size, these windings are integrated
with the coupled inductors of the totem-pole converter. In addition, the transformers and
the series inductors are integrated to further improve the power density to 3.2 kW/L. The
two-stage topology achieves an overall efficiency of 96%. Similarly, in [114], a similar
design is introduced, where the CLLC resonant converter achieves 97.8% efficiency with
a power density of 8.0 kW/L. In [115], the power density is further increased to 9.5 kW/L
by modifying the three-phase CLLC, albeit with a decline in efficiency.

Another two-stage OBC, detailed in [116], achieves 95.6% efficiency with a power
density of 2.7 kW/L. This system utilizes a two-channel totem-pole converter and a
bidirectional LLC converter as the power conversion stages (see Figure 9d). Despite using
one less capacitor and inductor in the resonant tank, additional power switches are added
in parallel to the PFC stage, resulting in reduced power density and efficiency.

An innovative two-stage OBC is presented in [117] with a Mode Switch Relay circuit
enabling switching between charging and discharging modes of the OBC, albeit at the
expense of efficiency and power density (See Figure 9e).

While the interleaved totem-pole PFC utilized in the first stage of these two-stage
OBCs offers notable advantages, such as reduced input current ripple, increased power
density, and efficiency, it also presents certain challenges related to EMI requirements and
heat dissipation. Additionally, totem-pole configurations are susceptible to voltage spikes
induced by parasitic elements. Moreover, ensuring proper synchronization between the
channels can be technically challenging. These obstacles collectively contribute to the
complexity and cost associated with design and control processes [6]. As for the resonant
CLLC DAB used in the second power conversion stage, it suffers from reduced efficiency
under light loads and inherent complexities during design and implementation [6].
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Figure 9. Two-stage non-integrated isolated OBCs with totem-pole PFC and resonant DC-DC
converters: (a) two-channel interleaved totem-pole PFC and single-phase CLLC resonant DAB
converter [112], (b) two-channel interleaved totem-pole PFC and CLLC resonant converter [10], (c)
four-channel interleaved totem-pole PFC with Return Path Windings and three-phase CLLC
resonant converter [92], (d) two-channel interleaved totem-pole PFC and LLC resonant converter
[116], (e) two-channel interleaved totem-pole PFC with Mode Switch Boost converter and LLC

resonant converter [117].

In [118], a three-phase two-stage OBC rated at 10 kW is introduced, featuring a three-
phase boost PFC and an LLC resonant converter (see Figure 10a). The isolated LLC
resonant DC-DC converter incorporates HB and FB topologies at its primary and
secondary sides, respectively. This system offers bidirectional power flow, a simple
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structure, and a relatively high efficiency of 96%. Nevertheless, it encounters difficulties,
such as elevated stresses on the DC link and resonant capacitors, high root-mean-square
(RMS) currents at the primary side, and compliance with EMI requirements [3]. A
unidirectional two-stage OBC is developed in [119], where two parallel half-bridge LLC
resonant DC-DC converters are connected to the DC link via two HFTs in a series-star
configuration (see Figure 10b). This charger can deliver 20 kW with an efficiency of 96%.
Its notable features include flexible output voltage, equal current sharing facilitated by the
star connection between the HFTs, high power level, and high efficiency. However, this
two-stage OBC also encounters challenges, such as high RMS currents at the primary side
and increased stresses on the resonant capacitors and DC link. Furthermore, replacing the
diodes at the secondary with power switches for bidirectional power flow results in
increased power losses and introduces complexity to the control system [3].
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Figure 10. Two-stage non-integrated isolated OBCs with three-phase boost PFC and resonant DC-
DC converters: (a) three-phase boost PFC and LLC resonant converter [118]; (b) three-phase boost
PFC and two parallel-connected resonant LLC converters [119].

A three-phase two-stage OBC rated at 10.5 kW with 95.6% efficiency and the power
density of 1.75 kW/L is presented in [120]. This charger employs a diode bridge followed
by a 90 kHz boost converter as the PFC stage, and an HB resonant LLC DC-DC converter
operating within the switching frequency range of 90 kHz to 275 kHz at the HB battery
side (see Figure 11a). The primary benefits of this charger lie in its simple structure and
modular approach. Nevertheless, the challenges posed by unidirectional power flow, the
enlargement of the system size due to the filter inductor, and increased stresses on the
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resonant capacitors and DC-link inductor compromises its efficiency and power density
[35].

In [121], another unidirectional two-stage OBC with an efficiency of 94.5% and a
power density of 1.98 kW/L is introduced. This converter employs a diode bridge with an
inrush current limiter followed by an interleaved boost converter in the PFC conversion
stage and two parallel-input-parallel-output (PIPO) FB LLC resonant converters at the
HV battery side (see Figure 11b). While this interleaved charger offers advantages, such
as reduced EMI filter requirements, its main drawbacks include unidirectional power flow
and a significant number of components [35].
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Figure 11. Two-stage non-integrated isolated OBCs with diode bridge PFC and resonant DC-DC
converters: (a) diode bridge and boost converter in the PFC stage and a resonant LLC DC-DC
converter at the HV battery side [120]; (b) a diode bridge with an inrush current limiter and an
interleaved boost converter at the grid side and two parallel-input—parallel-output (PIPO) LLC
resonant converters at the HV battery side [121].
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Table 6. Technical specifications of two-stage non-integrated isolated OBC solutions.

Power Conversion Stages  Output Switching Frequency

Isolated
Ref. AC-DC DC-DC Voltage AC-DC DC-DC Power RangePower Density Bidirectional (IS](E) Ca 6e0 950) Components 7 Year
PFC Range PFC
16 switches
3 inductors 96
[6] Totem pole CLLC 400 Vdc 300kHz 300kHz 6.6 kW 3.4 kW/L Yes Yes ) o 2020
3 capacitors Yo
1 transformer
14 switches
Two-ch li - 200- 2 induct
(o  [worchannelinter- oy vae 120 kHz 200 Geiw 3.8 KW/L Yes Yes MAUCTOLS g6 5% 2021
leaved totem pole kHz 4 capacitors
1 transformer
22 switches
Four-channel inter Three- 2 inductors 96
(921 . ourena phase  800Vdc 350kHz 500kHz 11 kW 3.2 KW/L Yes Yes , 2022
leaved totem pole 3 capacitors %
CLLC
1 transformer
18 switches
two- .
1 inductor
[93]  Totem pole phase 400 Vdc 350kHz 500kHz 6.6 kW 2.7 kW/L Yes Yes ) 96.2% 2018
CLLC 6 capacitors

2 transformers

18 switches

. single- .
Two-channel inter- 1 induct
[112]  worchannelinter ;e 400Vde 300kHz 500kHz 6.6 kW 23 kW/L Yes Yes mductor 96.2% 2018
leaved totem pole 6 capacitors

CLLC 2 transformers
12 switches
[113] Totem pole CLLC  400Vde 67kHz #7390 ¢oww 3.2 KW/L Yes Yes 3inductors 97 2016
kHz 4 capacitors %
1 transformer
two- 18 switches
[114] Totem pole phase 400 Vdc 350kHz 500kHz 6.6 kW 8 kW/L Yes Yes 1 inductor 97.8% 2018

CLLC 6 capacitors
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2 transformers

[115]

three-
Totem pole phase 400 Vdc 350 kHz
CLLC

500 kHz

12.5 kW 9.5 kW/L

Yes

Yes

18 switches

1 inductor

6 capacitors

2 transformers

97.3%

2018

[116]

Tow-channel inter- LLC 240-420 66.7 KHz
leaved totem pole Vdc

270-315
kHz

6.6 kW 2.7 kW/L

Yes

Yes

16 switches

1 inductor

3 capacitors

1 transformer

95.6%

2019

[117]

Tow-channel inter- LLC 400 Vde 300 KHz
leaved totem pole

300 kHz

6.6 kW 3.3 kW/L

Yes

Yes

16 switches

2 diodes

4 inductors

4 capacitors

1 transformer

94.7%

2018

[118]

90-150

Three-phase boost LLC 50 kHz KHz

10 kW N/A

Yes

Yes

12 switches
5 inductors
5 capacitors
1 transformer

96
%

2016

[119]

Two par-

1lel con-
Three-phase boost A€ CON 492 4 Vde 100 kHz

nected
LLC

100 kHz

20 kW N/A

Yes

10 switches

8 diodes

7 inductors

6 capacitors

2 transformers

96

2017

[120]

Diode bridge +

HB LLC ~400 Vdc 90 kHz
boost converter

90-275 kHz10.5 kW 1.75 kW/L

No

Yes

9 switches

27 diodes

7 inductors

12 capacitors
3 transformers

95.6%

2016

[121]

Diode bridge +in- Two par-

rush current lim- allel-in- 315-395
iter + interleaved put-par- Vdc
boost converter  allel-

100 kHz

100 kHz

22 kW

(EU)

17.2 kW

(US & Japan)

1.98 kW/L

No

Yes

30 switches
42 diodes

18 inductors
18 capacitors

94.5%

2014
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output FB 6 transformers
LLC
12 switches
3 inductors 97
[131] Totem pole CLLC 400 Vdc 67kHz 200kHz 6.6 kW 2.2 kW/L Yes Yes ) o 2019
4 capacitors %o

1 transformer
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3.1.2. Single-Stage Non-Integrated Isolated OBC Solutions

The OBC is installed within the EV, contributing to its overall weight and size. To
enhance the charger’s power density and efficiency, manufacturers often combine the AC-
DC PFC and DC-DC power conversion stages [76]. The reliability is also improved as the
bulky DC-link capacitors are avoided or reduced to ~uF level. They vary widely in
topologies depending on how the two power conversions are combined. High-efficiency
AC-DC converters (e.g.,, DAB, totem-pole, and T-type topologies, etc.) in different
structures, such as interleaved, modular, and matrix-type, are widely adopted in single-
stage solutions [122-127].

Examples of the most recent high-efficiency and high-power-density single-stage
non-integrated OBC solutions are reviewed here, with their technical specifications
summarized in Table 7.

A 31 kHz isolated matrix-type DAB three-phase rectifier IMDAB3R) rated at 8 kW
is presented in [128]. A three-phase matrix converter with back-to-back switches followed
by a link inductor integrated with the HFT is used in the primary side, with an active FB
topology at the HV battery side (see Figure 12a). The charger achieves a power density of
4 kW/L and an efficiency of 98.7% under nominal input voltage conditions.

A comparable configuration rated at 10 kW with a power density of 0.67 kW/L is
discussed in [129]. This topology offers several advantages, including high power density,
minimized conduction losses, bidirectional capability, soft-switching operation,
sinusoidal grid currents, and low THD. Nonetheless, matrix-type arrangements encounter
challenges, such as elevated conduction losses due to the numerous back-to-back
switches, complexity in control, and issues related to double-line frequency [6,35].

In [130], a single-phase interleaved totem-pole boost DAB converter achieving 97.1%
efficiency is introduced and depicted in Figure 12b. This charger features a high power
density of 7.3 kW/L and minimized core losses due to its single-stage design and
integrated magnetic components.

Another noteworthy system is the modular single-stage OBC, rated at 22 kW with
97% efficiency and 3.3 kW/L power density, presented in [132]. In this charger, an FB
rectifier connects to the isolated DAB PFC through a relatively small AC-link capacitor
bank (see Figure 12c). Benefits of this topology include reduced RMS current, modularity,
and bidirectional power flow. However, the design and implementation of modularized
structures can be intricate and costly. Additionally, the interaction between different
modules may lead to EMI issues.

In [133], a single-stage multi-port OBC rated at 11 kW is introduced, featuring T-type
circuits at the AC grid side, a three-port HFT, and an isolated FB DC-DC converter at the
HYV battery side (refer to Figure 12d). This charger achieves an efficiency of 97% with a
power density of 2.5 kW/L. The advantages of this topology include a compact design,
reduced output filter capacitor size due to low output ripple, and bidirectionality.
However, the design, implementation, and control of this charger pose significant
challenges. Additionally, back-to-back switches are utilized at the primary side, leading
to increased conduction losses. Furthermore, finding state-of-the-art multi-port
transformers that meet specific requirements can be challenging.

19 f J5

+

\Y

battery

4_
Qg
‘><

L
L_

I3)

g

||

]

I

I —

® %a

[
1T

Q)

oo X

Ll

E&l_
|-

nO

1]

11

|+
_I Vbauery

(a)



Energies 2024, 17, x FOR PEER REVIEW

21 of 40

&1,

J'E’} 5t | gt JE’}

()

daf J
A .TX.
U | e
JE’\} J

ac g

. B

_I battery

T batery

ﬁv
T

(d)

Figure 12. Single-stage non-integrated isolated OBCs: (a) three-phase matrix-type DAB three-phase
rectifier IMDAB3R) [128], (b) single-phase interleaved boost DAB converter [130], (c) three-phase
modularized FB rectifier and DAB PFC (single-phase demonstration) [132], and (d) three-phase T-
type circuits and isolated FB converter [133].

Table 7. Technical specifications of single-stage non-integrated isolated OBC solutions.

Output o1
Switching Power Power cae . Isolated
Ref. Topology Voltage Frequency Range Density Bidirectional (IEC 60950) Components 1 Year
Range
30 switches
Single-phase and .
460~ 12 7.1
[124]  three-phase totem -0 000 150-300 kHz 11kW 4.5 kW/L Yes Yes inductors 9 2021
Vdc 3 capacitors %
pole
3 transformers
16 switches 99%
Three-phase ma 1 inductor (98.7%
[128] . P 400 Vdc 31kHz 8kW 4KkW/L Yes Yes . at10% 2019
trix-type DAB 1 capacitor .
input
1 transformer
supply)
10 switches
[130] g‘gleaved boost 700 vde  150kHz  37KW 73 KW/L Yes Yes 1 capacitor 3/7'1 2022
1 transformer
36 switches
Three-phase mod- 3 inductors >97
132 ~4 H . LY Y 2017
[132] ular FB and DAB 20 Vdc 500 kHz 22 kW 3.3 kW/L Yes es 6 capacitors % 0
3 transformers
22 switches
1i 7
[134] DAB 400Vde 500kHz — 7.2kW 3.3 kWI/L Yes Yes inductor - >9 2017
7 capacitors %o
1 transformer
36 switches
ies- t induct ~95-97.2
[135] ScriesTesonant oy 50.300kHz 10KW 3KW/L Yes Yes 9 inductors — ~95-97.2) 1>,
DAB 12 capacitors %

3 transformers

4. Integrated OBCs

In conventional EVs, the propulsion system, battery charger, auxiliary power unit
(APU), and wireless charger are typically installed as separate units. This setup demands
more space, leading to increased weight and cost. iOBCs offer the advantage of boosting
power density by sharing components like switches, diodes, passive elements (capacitors,
inductors), and motor windings across various operating modes, such as charging, normal
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driving (discharging), and regenerative braking [33]. Shared control systems also
contribute to reducing the size, weight, and cost of the OBC. However, integrating these
units presents challenges, including zero-torque problems during charging, control and
cooling complexity, as well as issues with THD and EMI. Additionally, there are
limitations regarding galvanic isolation of the high-voltage (HV) propulsion battery from
the grid. An effective strategy for transitioning between operating modes is also required.

Figure 13 illustrates three common categories of iOBCs, including (i) propulsion
system iOBCs, (ii) auxiliary power unit (APU), and (iii) wireless charger integrated
chargers [35]. Various iOBC topologies have been proposed in recent years, each tailored
to specific requirements and applications. Examples from each category are reviewed
here, and their key characteristics are summarized in Table 8 for thorough assessment and
analysis.
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Figure 13. Various categories of iOBCs: (a) propulsion system iOBC, (b) auxiliary power module
(APM) iOBC, (c) wireless charger iOBC.

4.1. Propulsion System iOBCs

The EV motor and traction inverter within the propulsion system include all the
essential elements of a standard OBC system and, therefore, can be integrated into it.
Propulsion system iOBCs facilitate HV battery charging while making efficient use of the
existing components within the propulsion system, increasing the power density [35].
They can be classified into six subcategories based on the electric motor windings and
associated power electronics components used during charging, including multi-winding
(multi-phase) propulsion system [36—49], access to the motor’s neutral point [50-52],
reconfiguration of motor windings [53], split motor windings [44,54-62], add-on interface
systems [63,64], and traction inverter [65-75] iOBCs. In the first five categories, both the
motor windings and the traction inverter are integrated into the OBC. However, the sixth
category involves the integration of only the traction inverter. Examples of each
subcategory, together with key their characteristics, are presented here.

4.1.1. Multi-Winding Propulsion System iOBCs

Derived from three-phase machines, multi-winding (multi-phase) machines utilize
the same number of stator slots and rotor poles. They can be powered by single-phase or
three-phase input power supplies and are classified into symmetrical and asymmetrical
types based on the spatial angle between successive motor windings. In multi-winding
propulsion iOBCs, the propulsion machine inductors are separated and repurposed as the
input filter inductors of the traction inverter [33,35,77]. This inverter also serves as the AC-
DC PFC converter linked to the HV battery. Various multi-winding iOBC configurations
have been documented in the literature, including nine-phase [36-40], six-phase [41-44],
and five-phase [45,46] machines. It is reported that nine-phase propulsion system iOBCs
achieve the highest efficiency, reaching 86% and 89% during the charging and discharging
modes, respectively. A comprehensive overview of propulsion system iOBCs is available
in [33,46,75,76].

The circuit configuration for a propulsion system iOBC employing a symmetrical six-
phase machine rated at 1.1 kW is illustrated in Figure 14 [41]. Galvanic isolation is
achieved using an off-board low-frequency three-input-six-output transformer. A
significant drawback of multi-phase propulsion iOBCs is the relatively higher number of
power and relay switches, which, consequently, lead to increased complexity in their gate

driving circuitry.
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Figure 14. Multi-winding propulsion system iOBC using a symmetrical six-phase machine [41].
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4.1.2. Reconfiguration of Motor Windings

Motor windings can be reconfigured to adapt to the different modes of operation.
This reconfiguration allows the motor to serve the purposes of driving the EV during
normal driving and acting as a generator during braking or charging phases [53]. Instead
of using an off-board transformer, this method provides electrical isolation by
reconfiguring the connections of the electrical machine to make it act as a transformer
[44,136].

The circuit schematic of a reconfiguration of motor windings iOBC is shown in Figure
15. As can be seen, configurator switches are added to switch between different operating
modes. Bidirectional power flow and torque-free operation are amongst the advantages
of this type of integration.

Inverter 1

Re-configuration
switches
Vi L e

9a )

Dual-winding machine Jg} J,‘: J‘

I f Jﬁ} J

Inverter 2

Figure 15. Isolated bidirectional iOBC using reconfiguration of the motor’s winding [137].

4.1.3. Access to the Motor’s Neutral Point iOBCs

Access to the neutral point iOBCs involves configuring the charger to establish a
connection with the neutral point of the electric motor within the propulsion system
[50,51]. Various examples of this configuration can be found in the literature, including
single-motor [138,139], dual-motor [140], and four-motor topologies [141].

A single-phase unidirectional solution rated at 3.3 kW, featuring two motors
(induction machines (IMs)) and their corresponding sets of dedicated traction inverters,
is detailed in [140] (see Figure 16). To regulate voltage and current levels, a non-isolated
bidirectional DC-DC buck-boost converter is also positioned between the traction inverter
and the HV battery. This type of integration offers benefits such as reduced output current
ripple, low THD, torque-free operation during both charging and discharging modes,
efficient power management, and simplified design. However, to address potential
drawbacks, like compatibility issues, control complexity, and reliability concerns, careful
consideration is essential.
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Figure 16. A dual-motor dual-inverter topology as access to the motor’s neutral point iOBC [140].

4.1.4. Split Motor Windings iOBCs

In split motor windings iOBCs, the motor’s windings are typically split to serve dual
purposes: propulsion during normal driving and charging the HV battery when the
vehicle is plugged in [54,55]. The circuit schematic of a split motor windings iOBC is
illustrated in Figure 17 [59]. In this configuration, the midpoint of the three-phase winding
is connected to the AC grid through the input filters [57-60]. Positioned between the motor
and the HV battery, the traction converter functions in both inversion and rectification
modes. While this type of integration enhances power density and efficiency, challenges
arise from distributed stator windings and large air gaps, resulting in high stator leakage
inductance [33]. Furthermore, the complexity of control strategies and the need for careful
consideration regarding electrical isolation and thermal management further compound
its challenges.



Energies 2024, 17, x FOR PEER REVIEW 26 of 40

IS = S

]
Ja® |5 % |8 %05 %] 05 ¥

EMI
filter

6-leg converter DC-DC converter

pp—/

| battery

@L

I— Split-phase machine

EMI filter

Figure 17. Three-phase split motor windings iOBC [59].

4.1.5. Add-on Interface iOBC

The implementation of a propulsion system iOBC is considered more favorable if it
can be conducted without altering the conventional three-phase propulsion system
[63,64,142]. An example of such integration is illustrated in Figure 18 [63]. In this
arrangement, an additional three-phase buck-type full-bridge converter and an EMI filter
are positioned between the three-phase grid and the electric motor. A similar single-phase
integrated charger is presented in [143], where a diode bridge serves as the interface
converter. Moreover, the electric motor’s windings and two switch legs function as a two-
channel interleaved step-up converter. Add-on interface iOBCs offer several advantages,
including using the interface converter as the PFC converter and the ability of the motor
windings and traction inverter to regulate the HV battery voltage. However, the
incorporation of additional components may contribute to increased control complexity
and conduction losses.

Interface converter

Traction converter

Bt 5t B4

gt i

Figure 18. Add-on interface iOBC using three-phase step-down FB converter and an EMI filter [63].
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4.1.6. Traction Inverter (Motor Drive) iOBCs

As depicted in Figure 1, propulsion system converters feature a DC-DC boost
converter designed to regulate a fixed or variable DC voltage as the input of the DC-AC
motor drive inverter, also known as the traction inverter. A standard OBC, on the other
hand, comprises an AC-DC PFC stage followed by an isolated DC-DC converter.
Therefore, it becomes redundant to incorporate another set of power electronic converters
to control the flow of the power from the AC grid to the HV battery pack [33]. Integrating
the DC-AC traction inverter or the DC-DC boost stage from the propulsion system into
the AC-DC PFC rectifier or the isolated DC-DC converter in the OBC can enhance the
power density [76]. Auxiliary switches (e.g., relays or contactors) are employed to switch
between different operational modes, such as normal driving, charging, and regenerative
braking. The two primary challenges associated with this type of integration are the
potential production of torque on the propulsion motor during the charging mode and
the requirement for galvanic isolation between the HV battery and the AC grid to ensure
user safety.

Examples of both unidirectional and bidirectional traction inverter iOBCs are
presented in this context, along with their technical specifications outlined in Table 8. A
traction inverter iOBC rated at 4 kW with 90% efficiency is detailed in [65]. It employs a
three-phase bidirectional FB boost converter serving as both the DC-AC traction inverter
and DC-AC PFC rectifier. Additionally, five auxiliary relay switches facilitate mode
switching between charging and driving (see Figure 19). Another traction inverter iOBC,
integrating a 5 kW interleaved boost inverter with a 660 W DAB PFC rectifier, is developed
in [66]. Peak efficiencies exceeding 99% in normal driving mode and over 98% in charging
mode are reported for this system.

I S, A de| +3 DC
; 7 -/ Grid

Via

Figure 19. Bidirectional traction inverter iOBC using an FB isolated boost converter and five
additional auxiliary relay switches [65].

An integrated unidirectional charger rated at 5 kW is introduced in [67]. This iOBC
employs a single-phase uncontrolled diode rectifier and incorporates two buck—boost DC-
DC converters (see Figure 20a). It is designed to operate seamlessly in all modes, including
charging, normal driving, and regenerative braking. One notable advantage of this
charger is its low switching losses, attributed to the operation of only one switch in each
mode. However, the overall efficiency is compromised due to the involvement of three or
four power semiconductors (diodes or switches) in the main current path.

Another unidirectional traction inverter iOBC rated at 2.2 kW is introduced in [68],
featuring four semiconductor switches and one inductor (see to Figure 20b). Additionally,
a mechanical switch (M) facilitates the transition between different modes. This step-
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down-step-up topology demonstrates superior efficiency in the normal driving mode
compared to the charger discussed in [67].

A higher-power unidirectional topology rated at 8.4 kW with 96% efficiency is
detailed in [69]. This setup employs only four semiconductor switches, one mechanical
switch, and an inductor (see Figure 20c). The charger utilizes an external single-phase low-
frequency transformer connected to a single-phase diode rectifier, followed by a step-
down-step-up converter. While this topology offers low conduction and switching losses,
the step-up operation is limited to the charging mode, rendering it unsuitable for a
universal input voltage range (90-260 V). Moreover, LCL filters are necessary to eliminate
low-frequency current ripples at the HB battery side.

A single-phase unidirectional traction inverter iOBC operating at a 20 kHz switching
frequency is introduced in [70] (see Figure 20d). Compared to the unidirectional topology
depicted in Figure 20c, this charger reports an efficiency improvement of approximately
2% for normal driving and regenerative braking modes, thereby enhancing the driving
range. However, this improvement comes with the addition of two passive components
(L2 and Cw).

A unidirectional traction inverter iOBC rated at 2 kW with approximately 96%
efficiency is introduced in [71]. It features a single-phase diode rectifier at the input and a
three-level quasi-two-stage PFC converter with flexible output voltage (see Figure 20e).
This converter can function as either a single-stage or two-stage topology, depending on
the ratio of the HV battery voltage to the grid voltage, hence earning the name quasi-two-
stage converter. While this topology offers reduced switching losses and THD, the
conduction losses are slightly higher compared to conventional boost PFC converters.

An integrated unidirectional topology with nine switches is introduced in [67] (see
Figure 20f). The converter operates in a bridgeless manner during the charging mode,
which helps avoid heat management issues. However, the overall efficiency of the
converter is relatively low due to the large number of power switches involved.

Another bridgeless bidirectional topology rated at 0.75 kW is designed in [72],
comprising four power switches and two passive components (see Figure 20g). While this
configuration achieves high efficiency during the positive half-cycle of the grid voltage (in
the charging mode), it operates conventionally as an inverting step-down-step-up
converter during the negative half-cycle, leading to increased conduction and switching
losses.

A unidirectional ZETA-SEPIC-based traction inverter iOBC rated at 85 W with
94.76% efficiency is developed in [73] (see Figure 20h). This configuration functions as
ZETA and SEPIC converters during charging (from the AC grid or during regenerative
braking) and discharging (normal driving) modes, respectively. Operating at a 20 kHz
switching frequency and featuring a 4.8-7.2% THD range for the grid current, its key
advantages include the ability to operate as both a step-down and step-up converter in
each mode and single-switch operation, which simplifies control and implementation.
However, the topology exhibits high voltage and current stresses, which could be
mitigated by employing new generations of semiconductor devices, such as silicon
carbide (SiC) and gallium nitride (GaN).

A non-isolated ZETA-based traction inverter iOBC is introduced in [74], employing
a step-down-step-up configuration. The setup includes three semiconductor switches,
three passive components, and one mechanical switch (see Figure 20i). This topology
enables lower voltage and current stress, along with reduced conduction losses.

A single-phase bidirectional traction inverter iOBC rated at 2.2 kW is introduced in
[75], featuring a quasi-Z-source with an active power filter iOBC (see Figure 20j). In this
setup, certain components of the voltage source inverter (VSI) are repurposed to function
as a single-phase rectifier. Concurrently, other components of the inverter are integrated
with a capacitor and inductor to construct an active power filter circuit. Furthermore, the
motor windings are repurposed to serve as grid-side filter inductors. This integrated
charger efficiently removes second-harmonic ripples originating from the single-phase
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AC grid. To mitigate ripples, a small capacitor and inductor are integrated into the quasi-
Z-source network.
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Figure 20. Unidirectional and bidirectional converter topologies used as traction inverter iOBCs: (a)
single-phase unidirectional [67], (b) single-phase unidirectional [68], (c) single-phase unidirectional
[69], (d) single-phase unidirectional [70], (e) single-phase unidirectional [71], (f) single-phase
unidirectional [67], (g) single-phase unidirectional [72], (h) single-phase unidirectional [73], (i)
single-phase unidirectional [74], (j) single-phase bidirectional [75].

4.2. Auxiliary Power Module (APM) iOBCs

The APM functions as a DC-DC converter, charging the LV battery (typically ~12 Vdc)
from the HV battery. The LV battery is grounded to the chassis of the EV. Therefore, for
safety reasons, it must be isolated from the HV battery to prevent electric shock and
leakage current [144]. Moreover, the APM needs to demonstrate high efficiency and
reliability. Therefore, highly efficient isolated DC-DC converters with HFTs, such as the
FB Current-Doubler (FBCD) rectifier [145], ZVS FB converter [146], DAB [147], and FB
Center-Tapped (FBCT) converter, are considered suitable options for APMs. In
conventional OBCs, separate chargers are used for the LV and HV batteries. However,
integrating an APM into the iOBC could lead to significant improvements in size and cost
[35,148].

An APMiOBC rated at 3.3 kW with 94% efficiency is outlined in [149]. It incorporates
a bidirectional AC-DC PFC converter, a three-port HFT, a bidirectional HB CLLC resonant
converter at the HV battery side, and an FB LLC resonant topology facing the LV battery
(see Figure 21a). Similarly, a modular three-phase APM iOBC rated at 21 kW, achieving a
peak efficiency of 97.5% and a power density of 3.1 kW/L, is described in [150,151]. In this
setup, the primary side of the CLLC resonant converter connects to single-phase
interleaved totem-pole PFC converters, while its secondary side links to the HV battery
side. The third port of the multi-port HFT connects to the LVDC converter through an
interleaved step-down topology (see Figure 21b).
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Figure 21. Multiport converters for APM iOBCs: (a) single-stage bidirectional converter with
bidirectional PFC converter, three-port HFT, bidirectional HB CLLC resonant converter, and FB LLC
resonant [149]; (b) two-stage bidirectional converter with interleaved totem-pole PFC converters,
CLLC resonant converter, three-port HFT, and interleaved buck converter [150,151].

The highest degree of power electronics integration is illustrated in [152,153], where
both the APM and traction inverter (motor drive) are integrated into the OBC (see Figure
22). The reported peak efficiencies range from approximately 94.4% to 96.4% for this
galvanically isolated topology, contingent upon the type of semiconductor technology
employed (i.e., Si or SiC).
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4.3. Wireless iOBCs

Wireless power transfer (WPT) is becoming increasingly appealing for several
reasons, notably convenience, flexibility, safety, and scalability, among others. WPT
technology eliminates the requirement for physical cables, rendering it an enticing choice
for charging electric vehicles (EVs) [154-156]. Advancements in wireless charging
technology have sparked interest in developing wireless iOBC systems, enabling the OBC
to accept inputs from both traditional AC grid (conductive charging) and wireless charger
(inductive charging). This technology represents a significant step forward in making EV
charging more accessible and user-friendly. A wireless iOBC rated at 5 kW is introduced
in [157], where the magnetic coupler is integrated with the HFT of the isolated DC-DC
stage within the OBC. During conductive charging mode, the magnetic coupler functions
as an HFT, while in inductive charging mode, it serves as a wireless receiver coil.
However, wireless iOBC systems present challenges that need to be addressed for
widespread adoption and acceptance in the EV market, such as limited range and
efficiency, safety concerns, compatibility, cost, complexity, etc.



Energies 2024, 17, x FOR PEER REVIEW 33 of 40

On-board charger Reciever
sw,
_fY'YY'\_/
L, sw ° T ° l_
| | 2 € |
V. J él} L J él} c l C.,— ‘ s J él} — —_ﬁvw
P1
L |
AC-DC PFC HB converter HB converter
——— Yy Y M O
| | .
J — J Ct::
AC-DC PFC HB converter
Transmitter
Figure 23. Wireless iOBC system [157].
Table 8. Technical specifications of examples of iOBCs.
P To- BC P
Integration Type Ref. ower ;:::II:) ‘;’rter ° Power Supply o I{Cangzver Bidirectional n Year
. Three sets of voltage
Multi-winding [37] . Three-phase ~5.5 kW Yes 99% 2018
. source inverters
(multi-phase) pro- Two sets of voltage
pulsion system [43] o & Three-phase ~6.6 KW No N/A 2018
source inverters
R fi i f
econfiguration of 1, /. Three-phase FB Three-phase  12.5-20 kW Yes ~80% 2011
motor windings
Access to the II.IOtOI' S [140] Interleaved three-phase Single-phase 33 KW Yes 91% 2015
neutral point FB + Buck
. o Boost + two three-phase  Single-phase/
, - Split motor winding [55] PECs (HB) three-phase N/A Yes N/A 2010
rspu ,Scl)%nc [65] Three-phase FB Boost  Single-phase 4 kW Yes ~90% 2012
System 1 [68]  FBrectifier + Buck  Single-phase 2.2 kW No N/A 2012
FB rectifier + . o
[69] Buck-Boost Single-phase 8.4 kW No 96% 2013
. 1) TP rectifier + threedevel g 1 hase 2kW No ~96% 2015
Traction inverter Boost
[72] Bridgeless Buck-Boost  Single-phase 0.75 kW No 93% 2014
[67] Bridgeless Buck-Boost  Single-phase 7 kW No ~97% 2011
[73] SEPIC-ZETA Single-phase 85 W No 94.7% 2017
[74] ZETA-based Single-phase 2 kW No ~95% 2018
[75] Quasi-Z-source Single-phase 22 kW Yes N/A 2019
CLLC resonant +
[151] interleaved totem-pole + Three-phase 21 kW Yes 97.5% 2022
APM iOBC interleaved Buck
HB CLLC resonant + o
[149] FB LLC resonant Three-phase 3.3 kW Yes 94% 2017

5. Conclusions

The OBC of an EV comprises two key power conversion stages: AC-DC conversion
and isolated DC-DC conversion. While various topologies exist for each stage, single-stage
OBCs merging AC-DC and DC-DC converters offer a compact and cost-effective solution,
albeit with increased design complexity. iOBCs integrating the OBC into EV propulsion
systems, APM, or the wireless charger, offers space optimization and higher power
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density. However, integrating different units into the charger poses thermal management
challenges and requires careful consideration of torque production and voltage ripple.
Through continued research and development efforts, coupled with adherence to
regulatory standards, the future of EVs holds promise in driving towards a more
sustainable transportation ecosystem.
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