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Abstract: This article reviews the different topologies compatible with V2G feature and control
approaches of integrated onboard charger (iOBC) systems for battery electric vehicles (BEVs). The
integrated topologies are presented, analyzed, and compared in terms of component count, switching
frequency, total harmonic distortion (THD), charging and traction efficiencies, controllability, reliabil-
ity and multifunctionality. This paper also analyzes different control approaches for charging and
traction modes. Moreover, the performance indices such as setting time, rise time, overshoot, etc., are
summarized for charging and traction operations. Additionally, the feasibility of a Level 3 charging
(AC fast charging with 400 Vac) of up to 44 kW iOBC is discussed in terms of converter efficiencies
with different switching frequencies and switch technologies such as SiC and GaN. Finally, this paper
explores the power density trends of different commercial integrated charging systems. The power
density trend analysis could certainly help researchers and solution engineers in the automotive
industry to select the suitable converter topology to achieve the projected power density.

Keywords: bidirectional EV charger; integrated on-board battery chargers (i0OBCs); charging control;
V2G charger

1. Introduction

Electric vehicles (EVs) are the most competitive and promising transportation solution
compared to internal combustion engine (ICE) vehicles due to their impact on carbon
neutrality and resource efficiency [1]. To achieve ambitious EU Green deal targets, auto-
motive Original Equipment Manufacturers (OEMSs) aim to sell 100% of zero-emission cars
from 2030 onwards [2,3]. According to the Global EV outlook 2021, the global EV market
for all types of car sales was significantly affected by the economic repercussions of the
COVID-19 pandemic. One-third of new car registrations dropped in the first part of 2020
when compared to the preceding year [4]. Though overall new car registration was falling,
global EV car sales increased by up to 70% as 3 million new EV cars were registered in 2020,
which was a record 4.6% annual growth. For the first time, Europe led with 1.4 million
new registrations. China followed with 1.2 million registrations, while the number of new
registration in the United States was 295,000 [4], as shown in Figure 1. Two aspects are
essential to sustain exponential EV growth and sales demand. First, developing chargers
and the availability of fast charging options need to be confirmed. Second, the bidirection-
ality, performance, and lifetime of the existing charger topologies must improve so that EV
charging becomes more affordable and reliable [5].
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Figure 1. Electric vehicle sales (in thousands) in 2015-2020 (blue is used for BEV and orange for
PEV) [4].

Two types of chargers are widely used for EV charging, i.e., on-board chargers (OBC)
and off-board chargers. OEMs are still facing problems in the OBC as they are still expensive,
bulky, and offer only unidirectional power flow (e.g., grid-to-vehicle (G2V)) [6,7]. To obtain
higher power density, OEMs have headed towards integrated bidirectional OBC that could
offer a more efficient and power-dense solution. Thus, due to the bidirectional features of
OBC s, vehicle-to-grid (V2G) functionality can be achieved, which can transfer electrical
energy back to the grid during peak demand [8].

Moreover, bidirectional features allow more functionalities in OBCs, such as vehicle-to-
home (V2H), vehicle-to-device (V2D), or vehicle-to-vehicle (V2V), which leads to an increase
in the power transfer capability [9]. However, power transfer capability is typically limited
due to several constraints/tradeoffs such as cost, volume, and weight of the vehicle [10].
The iOBCs can help to overcome these limitations, as iOBCs build a closer integration of
the motor and power electronics components (i.e., electric motor and traction inverter) for
charging instead of using separate power electronics stages (e.g., AC/DC and DC/DC)
and bulky inductors, as shown in Figure 2.

With the charging system shown in Figure 2, the iOBCs use the motor windings as a
filter inductance to improve the grid current quality. In addition, in iOBC topologies, the
propulsion inverter serves as an active front end (AFE) bidirectional AC/DC converter
during charging. Due to the usage of a high-power inverter as a AFE AC/DC converter,
the iOBC’s charging power level is increased beyond state of the art (i.e., 43 kW). The status
of charging and motor power levels of recent car models are listed in Table 1. However,
OEMs face technical challenges such as winding reconfiguration, torque production during
charging, high charging current THD and torque ripples to provide such a high power
charging facility with iOBC technologies [11,12]. To overcome these technical problems,
OEMs are using advanced motor, power converter technologies and robust charging and
traction control strategies. Moreover, they also use safety and charging ports standards
as shown in Table 2 for protection against abnormal system touch potential and leakage
current. On the other hand, researchers are solving these technical problems using power
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stage integration in charging systems to achieve a high charging power level. They are
using multiple stage power conversion to transfer the charging power to the EV battery.
For example, higher-level integration has been adopted by Nissan Leaf which reflects a
compact design of the EV powertrain components (i.e., battery, e-motor, power electronics
and thermal management modules) [12]. Moreover, Tesla and Volkswagen (VW) are also
integrating the power stages and motor drive to achieve a better power density. Car
manufacturers and researchers are improving the iOBC power densities with greater
efficiency, of range coverage and a flexible charging strategy to attract more customers [13].
Indeed, the iOBC solution has positively impacted volume, weight, and efficiency, reduced
car production cost, and increased the overall driving range [14,15]. A significant study
has been conducted on iOBC topologies and control strategies that are being adopted in
many research works [16-19].

Distribution Grid
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Figure 2. On-board power electronic interfaces for EV Charging. (a) Conventional on-board charging

system. (b) Integrated on-board charger system with external filter inductor for grid. (c) Integrated
on-board charger system with motor coil as filter inductor for grid.

All the available literature reviews on iOBCs focus on the power stages, (i.e., topologies,
control strategies, and challenges). However, the following research gaps are identified in
the existing studies: (a) a comprehensive analysis of the recently developed bidirectional
iOBC topologies; (b) a detailed investigation of the control strategy used in different modes
of iOBCs; (c) a discussion of EV charging standards and power density trends. In this
context, this paper presents a review of the iOBCs proposed in the literatures and patents,
as well as a comparison between them, both in terms of implementation requirements (e.g.,
the need for external inductors or contactors) and functionalities (e.g., galvanic isolation,
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bidirectional operation). Moreover, a novel and detailed qualitative and quantitative
analysis is performed for each, including losses and efficiency. In support, this work
presents the following contributions:

e Detailed analysis of the recently developed bidirectional iOBC topologies includ-
ing advantages, disadvantages, available features, and efficiencies with different
switch technologies.

o Comparative investigation of charging and driving mode control strategies used in
iOBCs including overshoot and dynamic response.

e  Summary of the requirements and estimated power density trends of commercial
integrated charging solutions.

Table 1. Electric powertrain specification of commercially available EVs.

Battery . Max. OBC
Region Year EV Model Ref. Mot(ol:‘,I\’]())wer Capacity lel?;ﬁleng Rating
(kWh) (kW)
2021 Hyundai IONIQ 5 [20] 160 73 6 h 9 min 11
2021 BMW X3 [21] 125 43 3h 15 min 11
2021 Nissan Leaf [22] 110 40 3 h 22 min 11
Europe 2021 VW ID4 Pro S [23] 150 82 7 h 30 min 11
2021 Audi e-Tron [24,25] 230 71.2 7 h 07 min 11
2020 Renault Zoe R135 [26] 100 54.66 2h 22 min 43
2021 Mercedes Benz EQA [27] 140 66.5 5 h 45 min 11
2021 Tesla Model Y [28,29] 201 75 7 h 30 min 11/22
Us 2021 Chevy Bolt [30] 150 66 10h 6.6
2021 Porsche Taycan Turbo S [31,32] 190 93.4 10 h 30 min 11
2017 BAIC EC180 [33] 30 22 2h 14 min 11
China/ 2020 Chery eQ [34] 30 32 3h 14 min 11
Japan 2019 JACKiEV7S/E [35] 50 24 2 h 26 min 11
2017 JMC E200 [36] 30 17.3 1 h 45 min 11
Table 2. Charging power level standards and configurations adapted from [37].
Chargi Max P Chargi . North
L:‘iln & Voltage Level a(xk‘,:,);v er Fl?irmgzng China Europe Japan Amzrrica
Level 1 120 VAC 3.7 10-15h Private Outlet (Not Specific for EVSE) SAEJ1772 T1
Level 2 220 VAC 3.7-22 35-7h GB/T 20234 AC IEC 62196 T2 SAEJ1772 T1 SAEJ1772 T1
480 VAC (US)/ .
400 VAC (EU) 22-43.5 10-30 min GB/T 20234 AC IEC 62196 T2 SAE J3068
Level 3 e <200 10-30min  GB/T20234DC  CCSCombo2  CHAdeMO  CCSCombo 1
200-600
<150 10-30 min Tesla and CHAdeMO
XFC >800 VDC >400 H, Gas CCS/CHAdeMO
refueling

This review paper is organized as follows: Section 1 describes the present scenarios for
EV sales and the electric drivetrain and its components and discusses the global charging
infrastructure, including available charging ports. Section 2 explains drivetrain components,
control, and cooling integration strategies. Section 3 describes the literature review for
iOBC with different power electronic modules. Section 4 explains the control strategies and
performance comparison for charging and driving modes of iOBCs. Section 5 illustrates
the detailed comparison analysis comparing iOBC topologies. Section 6 describes the
electric vehicle charging standards which need to be maintained during iOBC installations.
Section 7 discusses the status of power densities of integrated drivetrain and chargers used
by the car manufacturers and OEMs. Section 8 explains the economic and environmental
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aspects of mass incorporation of the integrated onboard charger in the market. Finally,
Section 9 concludes the review work with outlooks and discussion.

2. On-Board Charger Integration Methods

In most traditional EV powertrain systems, the battery charger and motor propulsion
unit are separate, so two independent circuits are operating during two different operations.
Thus, EVs need more space on-board to accommodate these units which leads to higher
weight and modular losses. Integrated on-board chargers (iOBCs) can provide flexibility
for layout space, cost, and weight, so that EVs can obtain better efficiency and high-
power densities. There are three common approaches to implement on-board charger
integration and achieve high power density by combining the powertrain, control circuit
and mechanics.

OBC integration with a high voltage DC/DC converter is one of the most common
approaches to integration, as shown in Figure 3b,d. In this approach, both modules share
the same base plate as well as the cooling and control board [38—44] Some analyses have
shown that the cost of a single integrated OBC and DC/DC unit is 19% lower than the
cost of having two separate units [45]. The OBC and high-voltage DC/DC converter are
connected to a high-voltage battery, so the rated voltage of the full bridge is the same for
the onboard charger and the high-voltage DC/DC. This enables power-switch sharing
with the full bridge for both the onboard charger and the high-voltage DC/DC. The
second integration approach is OBC unit integration with traction inverter, as depicted in
Figure 3c. Generally, the inverter unit is a separate module with dedicated cooling and
control board. The integrated unit comprises the same power and cooling unit. Some
motor drive integrated OBC systems use the same control unit [46-50]. Additionally, this
kind of integration leads to the cost reduction and power-density improvement of this
design [51,52]. However, a good operating mode transition strategy is needed. power stage
integration with mechanical housing and control is the most compact solution of all, as
shown in Figure 3e. This is also known as a highly integrated solution for PE modules.
This approach can give the least volume for the integrated solution. A high level integrated
system (i.e., OBC, traction inverter and DC/DC) are available in the latest literature [53].
The motoring mode operation is not observed, but the V2G operation is experimented
with to send the power back to the grid. However, many challenges can arise during
implementation of such an integrated solution, such as control and cooling complexity, EMI
and THD issues, zero torque problem during charging, battery isolation from the grid, etc.

: Baseplate Unit : Cooling Unit
[ Control Unit [C——1 rower Unit
EM EM EM EM EM

INV
INV
OBC INV
+ INV
INV +
OBC OBC
OBC -~
N OBC DC/DC
DC/DC +
DC/DC HV/LV DC/DC DC/DC HV/LV
HV/LY HVLV HV/LY
(a) (b) (©) (d) (e)

Figure 3. Power/PCB Unit integration approaches. (a) Separated power units, (b) OBC and DC/DC
power unit integration with separate motor drive unit, (c) Integrated power unit for OBC and motor
drive, (d) Power unit integration for OBC and DC/DC unit with separately controlled motor drive,
(e) Integration of motor drive, OBC and DC/DC control unit.
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The prototype implementation of such integrated PE systems are listed in Table 3
below with advantage and disadvantages.

Table 3. Integrated OBC state-of-the-art prototypes.

Integration

OBC

Inverter/DCDC

Shared Switch

Ref. Type Power Power Components Tech. Advantages Disadvantages
1. Mechanical Housing 1. Charging flexibility 1. Not compatible for 3-ph
[54] OBC-DCDC 22 kKW 3.7 kW 2. Power PCB e 2. Galvanic isolated grid supply
3.  Control PCB power transfer 2. DC/DC power is low
4. Cooling Plate 3. Reduced volume
1. Mechanical Housing. L Charging ﬂexibi'lity: 1. Unable to fit 800 V
2. Power PCB 2. Less weight which is b hargi
[55] OBC-DCDC ~ 11kW 3kW Si around 10 k attery charging
3. Control PCB 3 Reduced ig hich i 2. Complex control system.
4. Cooling Plate . educed volume which is
around 0.0134 L
1. Mechanical Housing. 1. Range increase around 10%
2. Power PCB 2. Low cost, weight, 1 Low P .
[56] OBC-INV 3.3 kW - 3. Control PCB SiC and volume 2' LOW oyve;i;ahfng.
4. Cooling Plate 3. Motor winding used as : ow switching frequency
grid filter
1. Mechanical 1. Greater charging flexibility 1.  Current THD is high.
Housing. 2. High power AC and 2. High torque ripple.
[ 57] OBC-INV 43 kW 120 kW 2. Power PCB SiC DC charging 3. Additional relay required
3. Control PCB 3. Motor winding used as for motor winding
4. Cooling Plate grid filter. configuration
4.  Integrated grid interface
3. Integrated On-Board Charger (iOBC) Topologies
The iOBCs can be classified into isolated and non-isolated, as illustrates in Figure 4.
Most non-isolated iOBCs use AC line as an input, using the motor winding. Each leg of
the traction inverter is connected to each phase of motor winding. Thus, the inverter can
be used as an active front-end (AFE) rectifier during charging. The non-isolated iOBC can
also be built using a three phase and multiphase machine. Single three phase motor based
iOBCs have been investigated in [58-60]. In these works, two operations (charging and
traction) have been tested.
Integrated OBC (i0BC)
Non-Isolated Isolated
Three Phase Drive Multiphase Drive Using Sperate Transformer ENSLEE S M_Iinding
Reconfiguration
Using " 5 . Using Drive Using Five Using Six Using Nine
Standard (l),s:::;:’:n‘z::: with Split- Phase Motor Phase Motor Phase Motor
Motor Drive P phase Motor Drive Drive Drive
[ Single Drive |  f—=] Open-end M |
t—s{ DualDrive | [—=[Open-end PMsM]
L[ FourDrive | L—s|Open-endsrRMm |

Figure 4. OBC integrated PE converter system topology classification.

These topologies use a contactor switch as shown in Figure 5 to connect the grid supply
to the neutral point of the machine winding [61]. The stator winding can be utilized as a grid
side filter. The motor uses symbols R and L as stator resistance and inductance, respectively.
The main drawback of this topology is the current stress on the one leg, which is three



Energies 2022, 15, 5376

7 of 38

SAE

times higher than on the other converter legs. Another single-phase charging solution
with two IMs and two sets of dedicated converters is described in [62] (see Figure 6). The
power from the battery is transferred to both motors, hence the driving torque is shared by
them. An improved interleaving switching based integrated charger based on a two-motor
drive was introduced in [63]. Two slow recovery diodes, D; and D,, are added to alleviate
the CM noise. As each diode provides a low-frequency path for the input current, the
system ground is connected to the input terminal. Additional boost inductors, L1 and L,
are utilized for the purpose of compensating for the small CM inductance. This technique
effectively improves the efficiency and current waveforms concurrently. Four motor iOBCs
are also suitable for single phase supply, described in [64,65]. For the mode to take place
it is necessary to disconnect the positive terminal of the battery from the dc-bus and to
connect it to two isolated neutral points of two machines, as shown in Figure 7.

DC-DC
Converter
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1\ |+
1

11772

Vie : /
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—
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— Charging / Regeneration
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PN TR
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/ R L), e
m—— .

\ R L JIe -

-—

€ &1

)
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1

P
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DC-DC
Converter
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s\« - . —
\/

Cuc
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Figure 6. Dual motor drive integrated on-board charger proposed by Woo et al. [62] in 2015 (iOBC2).
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Figure 7. Four motor drive integrated on—board charger proposed by Subotic et al. [64] in 2014 (iOBC3).
A single-phase traction inverter integrated OBC is proposed in [66] (see Figure 8).
For the charging mode from a single-phase grid, the traction inverter is configured as
full bridge rectifier and inverter boost converter, using switches’ S; to Ss configuration to
connect the battery. This topology has a very simple structure and control, V2G features
and small size.
ol
S.f i’ : —I
%
R | < -
—
: Ss
i H H >
S 2I R I \
ﬁ; Ve
Battery|, F*l_ . \ b1 "
v s , Ope
- T " / Cc Ve Grid
|, VJ @ Vebs
= _—17 P P >
a
Ny Sy

Figure 8. Induction motor drive integrated on—board charger with motor winding reconfiguration
proposed by Khan et al. [66] in 2012 (iOBC4).

A PMSM drive integrated charging system has been introduced in [67] for electric
motorcycle application. A rectifier and line filter used as an extra component in this system
is depicted in Figure 9. A four-phase synchronous reluctance motor (SRM) winding is
utilized in the iOBC system described in [68], as shown in Figure 10. This topology used one
bridge of the inverter as a buck-boost converter and the other two bridges as a rectifier. The
V2G and G2V functionalities of SRM drive iOBC have been explained in [69]. At first, two
converter phases are utilized as a rectifier, with machine windings being employed as input
filters. Then, when the grid voltage is rectified, the third phase acts as a dc-dc buck-boost
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Y

Rectifier with_‘

. S

converter to adjust the voltage to a value required by the battery. The fourth phase is not
used during the charging process. To reduce switching losses, switch Sy is set permanently.
There is no separate DC-DC converter for charging the battery in this topology, which gives
simple reconstruction flexibility. Thus, the cost and size of the charger system decrease.

R Vem
{ R er \ V2 C;‘%Vb:l Q*
\@ Viens “Battery

~ &3 4393

LC Filter

Inverter

Figure 9. PMSM drive integrated on—board charger with neutral point access proposed by Tuan et al. [67]
in 2021 (iOBC5).

Buck-Boost DC- Two Phase
DC Converter Rectifier
o aamaTsaat
o / i \ £ \

Y I
Battery @ C f:

|
|
|

L l
CZ (A p) D, l KD.' I
|
|

B -
- 5
j S
L
--——————?—————-

| I|
\ /
~J 19— N ) S— S l T-l \ \
) T / (
\
A, 4 ~— | - — —~ AC Grid
O l})im
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Figure 10. SRM drive integrated on—board charger proposed by Khayam Huseini et al. [68] in 2015.
(iOBC6). The charging mode configuration is highlighted in red.

A cost effective 3-ph on-board charging system with interfaced converter is depicted
in [70] and shown in Figure 11. The specific role of the interfaced converter in this topology
is to configure the system during operating mode. Due to its simplicity, it allows high-power
charging with comparatively less size and weight. An additional three-phase interface
converter is used to avoid hardware reconfiguration. A fast three-phase charging system
based on a split phase machine has been described in [71-75] and is shown in Figure 12.
The mid-point of three phase winding is connected to the grid through an EMI filter
and a H-bridge front-end converter with a battery connected to the machine. The main
disadvantages of this topology are stator leakage inductance due to employed distributed
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EMI
Filter

winding, and complexity in control. An integrated on-board charger with open-end stator
winding (OEW) configurations of three-phase IM is described in [76,77].

3ph Interface Jpl:' Traction

Converter [ I _("ﬂwiw_ o
T |
: D: D: : |
| | T Ts 'l#"
s > /\ 5 H = Tl

|
I T 3 DANA vy |
] [ \ L )
- R L, | . i
! 'MIMiL Venz =)
| AD: AD I | Ciee | Ve @
: * R Ls | V. attery

| = ul
I 2 I

Ts Tw 12
3ph Motor | :)} e 1
ﬂ._ |
' |

Figure 11. Three Phase integrated on—board charger with interface converter proposed by Shi et al. [70]
in 2018. (iOBCY).

[—=—=— b-leg Converter 3-H Bridge) . _ _ _ . _ _ -
| |
| 7 9 Tn |
| Cuc
| |
| |
| |
| |
| |
]

L= —— — —— — — ——— — —

DC-DC
Converter

I“:
e s e

Split-Phas
Machine

EMI Filter

3ph Grid
SUpRly Viea | Ve Vi

Figure 12. Three Phase Split-Phase Motor integrated on—board charger proposed by Hagbin et al [74]
in 2014 (iOBC8).

The stator winding reconfiguration of these topologies can be carried out by using a
switch as shown in Figure 13. Recently, Hyundai published a patent for a multi-charging
system which is used in the Hyundai IONIQ 5 model, based on a OEW machine [78].
Another similar approach with asymmetrical hybrid multilevel converter as described
in [79]. The OEW machine was also utilized to implement a dual drive integrated charger
in [80,81].
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Figure 13. Integrated On—Board Charger based on Open-End Winding Machine proposed by
Brull et al. [76] in 2016 (iOBC9).

Recently, segmented winding based three phase induction machines have caught
researcher’s attention. This type of multi-winding machine is derived from the traditional
three-phase machine, using the same number of stator slots and rotor poles. Various
segmented three-phase machines have been reported in the literature, including the three-
phase six-winding machine as shown in Figure 14 reported in [40,82], and the three-phase
nine-winding machine depicted in Figure 15 and described in [83,84]. Multiphase machines
have more than three phases; typically five, six and nine. They are categorized in two types
as symmetrical and asymmetrical machines based on the spatial angle of two consecutive
machine phases. They can have one or multiple isolated neutral points. The nine phase
machines have higher torque and lower copper loss then six phase machines. The nine
phase machine based iOBC topologies are investigated in [85,86].

6-leg Converter (6-H Bridge)

DC-DC

|

|

Ts I Converter |
|

|
| Battery
l

| 3ph-

Y Winding
Machine
PR R

EMI Filter

3ph Grid
Supply

|

|

Vea ] Ve[ Ve \J
|

Figure 14. Integrated On—Board Charger based on 3-Phase 6-Segmented Winding Machine proposed
by Han et al. [82] in 2018. (iOBC10).
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Figure 15. Integrated On—Board Charger based on 3-Phase 9-Segmented Winding Machine proposed
by Raherimihaja et al. [83] in 2018 (iOBC11).

Since these topologies have a higher phase inverter as shown in Figure 16, a significant
drawback of these converters is the relatively higher number of semiconductor switches
and the complexity of the corresponding driving circuit. An impressive solution was
introduced in [87] to reduce the number of switches.

9-leg Converter (9-H Bridge)

‘g F é é S E é | 9ph Machine

|
11 1 17 v
s:_| Ts; ’_/5.1 }
|

EMI Filter : 3ph Grid

| Supply
|
Ve[ Ve[ Ve v

Figure 16. Integrated On—Board Charger based on Nine Phase Winding Machine proposed by
Abdel-Khalik et al. [84] in 2017 (iOBC12).

The nine-switch converter was utilized with six phase machines as shown in Figure 17,
where the stator coils act as filter during charging. The advantages of this topology
are zero torque production during charging, the power factor is unity at the grid side
and no phase transposition is needed. Additionally, only three additional switches are
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needed for changing the mode. The most challenging drawback is the utilization of low
dc-link capacitance.

.
|
6ph-Machine |
| H
1 ] Tz

DC-DC
Converter |
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“

¢—

A HH8

at
Battery |7

o)
5]
=
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Figure 17. Integrated On—Board Charger based on Nine Phase Six Phase Winding Machine proposed
by Diab et al. [87] in 2016. 1OBC13).

A five-phase machine approach (non-isolated method) as shown in Figure 18 is de-
scribed in [88-90]. An efficiency analysis of the various integrated charger topologies
shows that a nine-phase charger corresponds to the highest efficiency (reaching 86% during
the charging mode). During charging, the efficiency varies from 79% to 86% based on
the applied topology, while the efficiencies are slightly higher, between 81% and 89%,
during the V2G mode. On the other hand, the isolated iOBCs can be implemented in
two methods. One method can provide galvanic isolation by an additional transformer
placed on the low-frequency AC side, as in [91]. Otherwise, the electrical isolation can
be performed by reconfiguring the connections of the electrical machine to make it act as
a transformer, which is proposed in [92,93], with six-phase and a nine-phase machines,
respectively. In [94], a six-phase machine is used as transformer as shown in Figure 19
and provides galvanic isolation in both three- and single-phase input operation, with the
peculiarity of achieving torque-free charging in single-phase configuration.

— — — 5:leg Converter (5-H Bridge) __ __ __

Converter

|
DC-DC :
T Ts Ts T Ty |

T Ts Ts

|y (O ————
A\l
Vis
H———— =

EMI Filter

|
|
Vel Vel Vi \

Figure 18. Integrated On—Board Charger based on Five Phase Winding Machine proposed by
Sabotic et al. [88] in 2016 (iOBC14).
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Figure 19. Isolated Integrated On—Board Charger based on Six Phase Machine Reconfiguration
proposed by Pascetto et al. [94] in 2020 (iOBC15).

To sum up, we have seen the different aspects of the previously mentioned topologies,
showing technical features such as V2G, torque ripple issues, and torque generation during
charging. Thus, all topologies are compared according to the average torque production
during the charging process, hardware reconfiguration between the propulsion and the
charging modes, V2G feature, torque ripple issues, and the charging power as a ration of
the traction power.

4. Control Techniques for iOBC

This section describes the charging and traction mode control techniques of motor
drive integrated OBCs, including multiphase machines. There are many works is research-
ing motor control techniques [95,96]. For this work, a detailed discussion of motor control
strategies is not the focus. However, a brief discussion and comparison of the most common
motor control approaches is included in Section 4.2. The battery charging mode control of
an iOBC system as shown in Figure 20 is usually accomplished by two common techniques,
constant current (CC) and constant voltage (CV).

erleat
Traction 3ph Interleaved

N Bidirectional
Inverter DC-DC
—_— Electric Machine _— -—>
DC \ DC
OOOOO Input Filter +
00 and i) r @ ==(~, @
Configurator R L ) :
00 e Nl Battery
—
A A
fube 4 @’ 'Vm- 6/ Ilm‘ y bat
PWM PWM
Control System for PE Converters

Figure 20. Integrated Power Converter with Control System in Charging Mode.

4.1. Charging Mode Controls forAC/DC Converter

Different battery charging methodologies have been adopted in the literature [97,98].
The integrated battery charging topology with CC, CV and CC-CV characteristics is shown
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in Figure 21. We can select these control techniques based on the battery composition. The
V2G/G2V control techniques (i.e., Hysteresis Current Control (HCC) [99], Proportional
Integral (PI) control [100] and Proportional-Resonant (PR) control [101]) are used to achieve
the power-flow control during the charging operating modes, according to the battery
charging methodologies.

A Constant Current Charging Constant Voltage Charging
(CC Mode) (CV Mode)

Charging Volinge [ o a—— @ — @ — @ —

Battery Voltage

Battery Current

Cur-off Charging
Current

Figure 21. Constant-Current and Constant-Voltage (CC-CV) Charging.

4.1.1. Hysteresis Current Control (HCC)

The hysteresis current control works via an instantaneous feedback current control
technique where the ac current follows the ac current within a hysteresis-band (Ah) [102].
This control strategy comprises two closed loops: outer voltage loop and inner current
loop with HCC as shown in Figure 22. The outer voltage loop operates with the difference
between actual and reference value of dc-link voltage. The PI control is used to achieve the
desired voltage level. Moreover, the inner control loop does the same with sinusoidal ac
currents. The HCC generates the switching pulses by ensuring that the ac currents follow
the reference ac current i*,, i*, and i*. within the hysteresis band as shown in Figure 23. The
main drawback of the HCC is that it has a variable switching frequency, which may lead to
an increase in switching losses. Indeed, any time the current reference is not constant, the
converter switching frequency will vary along the current reference period.

1%is

PI HCC

—» ‘Ié fogl-u2l o lun| Soy,
—) ap isp abe i Switchin
— RN g

Ve

T
22

4 Pulses
oA

Potwe "
ower ’ PI
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fa 0b e

Figure 22. Hysteresis Current Control Strategy with two control loops.
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Figure 23. Switching Pulse Generation using hysteresis technique.

4.1.2. Proportional-Integral (PI) Based Dual Loop Control

The proportional-integral (PI) control solves the drawbacks of HCC. The PI can com-
pensate for the current error and generates the control signals as shown in Figure 24. Then,
this control signal v¢,,. is compared with the carrier signal to produce suitable switching
patterns for the PE converter [100]. The phase locked loop (PLL) is used to determine the
phase angle, 0, for inverse park transformation. The transfer function of the PI controller
can be expressed as follows:

Ge(s) = Kp+— 1)

— | 2
dg. ¥ « VCab £
af ‘_) abe Q Switching
B =
= Pulses
&
1

Carrier

Power
ref —>€ —>
Q Regulator

Q (2]

=

Figure 24. Proportional-Integral (PI) Control Strategy with dual control loop.

Here, K, and K; are the proportional and integral constants of the control loops, respectively.

4.1.3. Proportional-Resonant (PR) Based Dual Loop Control

The PR control methods are used to control the input current during charging/discharging
modes. The PR is a well-known PI controller. However, the integral part is a generalized
integrator in stationary frame [102]. The PR as shown in Figure 25 is more effective in
stationary frame compared to the PI controller at achieving zero steady state errors. It also
improves the reference tracking capability.

6
—F>

Switching Pulses

4}_
FT
v

Carrier

= PWM Generation

Power
Qry Regulator

Figure 25. Proportional-Resonant (PR) Control Strategy with dual control loop.

In this control scheme, K;, determines the dynamic response of the control system,
while K; adjusts the phase shift between the output and the reference signals, and wy is
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the resonant frequency, which is set to 27tf (rad/s). f is the frequency of the ac grid. This
shows the block diagram of the control system based on PR during the charging mode. The
transfer function of the PR controller can be expressed as the equation

ZKiS

Gelo) =Rt g 7
0

2

4.1.4. Model Predictive Control (MPC)

Developments achieved over recent years in digital electronics, including digital signal
controllers (DSCs), offer more computational power, potentiating the development of new
and more effective and complex control techniques, such as the model predictive control
(MPC) [103]. Figure 26 shows the MPC algorithm for performance of fast battery charging.
This method is based on a predictive control method, which includes predicting the future
behavior of the control variables and evaluating a cost function. Here, the cost function
compares the reference value of a control variable with all possible predicted future values
of a corresponding set of control variables.
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Figure 26. Model Predictive Control (MPC) Strategy for EV battery charging.

The input current prediction model can be derived using Euler Approximation of the
power converter dynamic model expressed in the equation.

(kD) = (1= 522 )is(l)+ 1 (a(k) = vin(K)] ®

Here, k represents the present time step whereas T; is the sampling period. The grid
voltage and current are denoted as is and vs and the converter input voltage is vi,. The
inductance and internal resistance value of the inductors are expressed as Ls and Rs. Using
high sampling frequency approximation, we can obtain the cost function in this equation
which is minimized over the prediction horizon.

vs(k+1) ~ vs(k) 4)

P(k+1) = Vsaisa + Vspisp (5)
Q(k+1) = vsadsa — Vspisp (6)

8 = |Qrer(k) — Q(k+1)| + [Pre(k) — P(k+1)] @)

Predictive control methods are appealing due to their advantages, such as a fast
dynamic response, a simple structure that does not include a pulse width modulation block,
and the ability to easily include constraints. This method has also benefitted from ongoing
developments in high speed, cost-effective microprocessors [104,105].
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4.1.5. Fuzzy Based PI Control

Fuzzy control techniques are in popular use due to the linguistic representation of rules
without the need to develop a systematic mathematical model. Thus, a control technique
can be easily designed for onboard charge and discharge, even with the connection of
many EVs. Usually, an FL controller is composed of three main components: a fuzzification
unit, a base rule unit, and a defuzzification unit. In [106-108], a fuzzy PI controller for the
voltage outer loop of the PWM converter is presented in Figure 27.
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Figure 27. Fuzzy-PI based Control Strategy for EV battery Charging/Discharging.

The adaptive correction output by the fuzzy PI controller can be achieved in light with
situations described as fuzzy by the DC bus voltage error and its error change rate, so the
PWM converter can obtain better dynamic and static characteristics under a different load
and a sudden change of load compared with the PI controller [109,110]. Moreover, in the
existing literature, the large number of sub fuzzy controllers are either used to change the
quantization factor or the scale factor—that is, to realize the self- adjustment of the main
fuzzy controller parameter [111,112].

4.1.6. Neuro-Fuzzy Control

A neural network helps to improve the speed of convergence in tracking the refer-
ence signals. Therefore, this can be applied to a power converter, as already discussed
in [113,114]. The neural network can directly calculate the reference to control the voltage
or current in AC/DC. The controller uses the training process to damp out the existing
error and follow the command signal as quickly as possible. A fuzzy logic controller for
an AC/DC converter is implemented in [115] where it is shown that very simple, low-
cost implementation and EMI elimination are also possible. The control approach power
electronic converter using a neuro-fuzzy controller is shown in Figure 28. Type-1 fuzzy
logic controller (T1FLC) structures, one of the intelligent controller structures, have been
successfully used in many applications [116,117]. To minimize uncertainties, disturbances,
and parameter variation problems, Type-2 FLC (T2FLC) can be used [118]. To achieve
better performance from T2FLC, a T2NFC structure was obtained by utilizing the features
of ANNSs. Therefore, the properties of both controller structures are combined in a single
structure. In literature, T2NFC structures have been preferred in many studies such as con-
trol of time-varying plants [119], and control of three-phase rectifier [120]. The performance
qualities of different types of battery charging control strategies are compared In Table 4.
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Figure 28. ANN based Control Strategy for EV battery Charging/Discharging.
Table 4. Performance comparison of different control strategies for EV battery charging/discharging.
HCC
Features PI-Control PR-Control Fuzzy Control ANN Control MPC
Control
Reference [102] [102] [102] [106-112] [113-120] [103-105]
Contr'ol Linear Linear Linear Am.f icial Art1.f icial Non-Linear
Operation Intelligence Intelligence
Complexity Medium Medium Medium Less High High
Math. . . . . . .
Modeling Required Required Required Not Required Not Required Required
Sensitivity Low High High Low Low High
Dynamic Poor Average Average Excellent Excellent Very Good
Response
Overshoot Very Large Large Small Negligible Negligible Negligible
Applicability Lower Order Lower Order Lower Order All-types of All-types of All-types of

System System System

4.2. Driving Mode Control for DC/AC Inverter

The electric motor (EM) is the only means to transfer power to the wheels in a BEV
powertrain. Thus, the EM is a vital part of the development and acceptance of energy-
efficient BEV powertrains. As a result, numerous investigations into the EM and its control
system have been carried out in order to serve the needs of EV drivetrains and other
automotive applications [121-123], as shown in Figure 29. The induction machine (IM), per-
manent magnet synchronous machine (PMSM), and switching reluctance machine (SRM)
are three types of electric machines that can be employed in vehicle applications [123,124].
In the BEV powertrain, selecting the electric machine and its control system is critical. The
control methods have a considerable impact on the motor performance and longevity, as
well as the vehicle range, from the standpoint of powertrain performance. Various types
of motor control techniques are shown in Figure 30. The detailed discussions of strategy
are not the focus of this review paper. However, the authors have tried to investigate the
performance of different control techniques from the existing literature.
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Figure 29. Motoring/Traction mode configuration of integrated on-board charger in EV.
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Figure 30. Various types of driving mode control used for integrated charging-traction system.

The performance qualities of different types of traction motor control strategies with a
common load torque of 10 Nm are compared in Table 5.

Table 5. Performance comparison of different control strategies for traction motor control.

Features IFOC Fuzzy IFOC DTC FTC PTC PCC ANNTC
References [125-127] [128,129] [130-133] [134] [135] [136-139] [140]
Settling Time (ms) 200 50 250 250 250 400 40
o No
Overshoot (%) 7 Overshoot 6 9 9 13 3
Torque Response Time (ms) 200 50 250 250 250 400 40
EM Torque Ripple (%) 4 25 5 11 14 7 20
THD (%) of Flux 0.24 0.28 0.7 0.96 0.97 0.31 -
THD (%) of Current 0.56 1.16 7.35 7.21 9.34 1.56 -
Low Speed Performance Excellent Excellent Poor Poor Poor Poor Good
s All Motor All Motor
Parameter Sensitivity R; and L, R; and L, Rs Ry Parameters Parameters Ry

IFOC has the lowest torque ripple and THD in flux, contrasting with Fuzzy IFOC and DTC. In contrast, FTC
and PTC use only one. PCC and PTC are the techniques with the most sensitive motor parameters, DTC and
FTC being the most robust. IFOC, DIFOC and PCC use only current information, while DTC, FTC and PTC use
torque and flux. Indeed, only one transformation is requested by the torque techniques, compared to the first
three, which use two.

5. Comparative Analysis and Discussions

Table 6 shows the advantages, disadvantages and component counts among the
traction inverter integrated on-board charging topologies with motor winding access,
described in Section 3. All single-phase integrated charger topologies show that low THD
during charging and low voltage and current ripple. Topologies such as iOBC3 and iOBC4
prove that there is no torque produced during the charging operation. However, the SRM
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drive integrated on-board charger (iOBC6) needs a high component count, complex control
and higher current THD. On the other hand, three phase topologies show common qualities
like fast charging capability and good V2X performance. Topologies such as iOBC7 and
iOBCS8 use fewer passive components than others. The charging current THD is low for
all the three phase topologies and efficiency is around 92%. Table 7 shows the features
provided by the considered iOBC topologies including V2G, and the amount of THD

during charging.

Table 6. Advantages and disadvantages of integrated on-board charger topologies.

Reference Advantages Disadvantages Components
e  Low output filter inductor and capacitor size e Poor current THD in higher o 10 IGBT Switches
[61] . Lower switching voltage stress voltage operation o 10 Diodes
e  Good PF performance. e  Complex control method 4 1 Inductors
. V2G feature is not possible o 3 Capacitors
: IIEE;N 22:5$12§Z§;tdnpple e  Size and Weight is high due to higher ° 14 IGBT Switches
1621 . LOVZ THD additional boost inductor * 16 Diodes
. . e  Additional Hardware needed e 3Inductors
. High Efficiency . 2 Capacitors
. 2 Relays
e  Fastcharging e 4 Motor used e 24 1GBT Switches
[64] . V2G feature . Complex traction control . 24 Diodes
. THD is low . High component count . 1 Inductors
. Torque free operation during charging/V2G . High power battery needed . 1 Capacitors
. Torque free operation during charging N 519W chargmg time ® 6 IC?BT Switches
[66] . Simple control strategy . High torque ripple . 6 Diodes
. Unity PF operation . Efficiency is low . 1 Inductors
. Low charging current ripple . High voltage ripple . 2 Capacitors
. Additional hardware needed . 4 Relay Switches
. High charging current ripple N 6 IGBT Switches
7 . Low voltage stress on switch . Siz% of he;:tsir%k isbi pp . 6 Diodes
[67] . Standard motor drive configuration . Extra control neede dgfor rela . 1 Capacitor
e  High efficiency at higher voltage N y e 2 DP Relay Switches
coordination ;
e 3 SP Relay Switches
. 12 IGBT Switches
. Good traction performance . High component count : ;4N]?’1§Id"l?rsansistors
[68] . Good filter design . Complex control strategy o 5 Capacitors
e  Low voltage and current ripple e  Higher current THD P
. V2X performance is good . High system cost N 4 Inductors
e 2 DP Relay Switches
. 3 Magnetic Contactors
. Fast charging . Hich inverter loss . 6 IGBT Switches
[68] . No modification needed . High noise ° 3 SiC Switch Interface
s Simple Control . VZ%S feature is not possible s 21 Diodes
. High Efficiency, Low THD P . 1 Capacitors
(73] . Low harmonic content during charging . Machine rewinding is required : ﬁ gggeiwnches
’ . Low current ripple e V2G operation is not efficient. . 1 Inductors
. Low THD in charging current . Torque ripple is high o 1 Capacitors
187] : E‘;ﬁ%ﬁégi; };;r;gglli ine drivin e  Control method is complex. . 18 IGBT Switches
e Notorque ri. loes & & e  Efficiency is low e 24 Diodes
. AC arucil DC fﬁarging is compatible . High power performance is poor . 4 Capacitors
. Compatible with multiphase machine . Additional switches are needed . 11 IGBT Switches
[88] e Low switch count used for charging and driving for conflguratloln. . N 11 Diodes
. High power performance is good . Low voltage utilization factor . 1 Inductors
. Toraue free charein . High current ripples . 1 Capacitors
! sing . Poor charging current THD . 3 Magnetic Contactors
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Table 7. Feature comparison of integrated on-board charger topologies.
T No of Machine  Type of No of Hardware Charging with  Traction Cha}rglng to V2G Torque Ripple
opology Ph Supply HBMI Config. Needed  Zero T P Traction Power ¢ I
ase upply nv onfig. Neede ero Torque ower Ratio eature ssue
[61] 3 1ph 5 No Yes >8 kW 25% No Yes
[62] 3 1ph 6 No Yes >3.3 kW 100% Yes No
[64] 3 1ph 12 No Yes >7 kW 100% Yes No
[66] 3 1ph/3ph 3 Yes Yes >15 kW 30% Yes No
[67] 3 1ph 3 Yes Yes >6 kW 50% No No
[68] 3 1ph 3 Yes Yes >5 kW 100% No Yes
[70] 3 3ph 6 No Yes >6.6 kW 50% No No
[71] 3 1ph/3ph 6 No Yes >30 kW 75% Yes Yes
[83] 3ph-9Seg 3ph 9 No Yes >5.5 kW 100% Yes No
[82] 3ph-6Seg 3ph 6 No Yes >6.6 kW 100% No No
[68] 3 1ph/3ph 3 Yes Yes >22 kW 100% Yes No
[73] 9 1ph/3ph 9 Yes Yes - - Yes Yes
[87] 6 1ph/3ph 6 Yes Yes >3.3 kW 100% Yes No
[88] 5 1ph/3ph 5 Yes Yes >4 kW 60% Yes Yes

The qualitative analysis of the motor drive integrated on-board charger is explained
by nightingale rose diagram in Figure 31. As described in an earlier section, iOBC1-
iOBC9 represent the single-phase topologies and the rest are three phase topologies. From
the figure, it is observed that the three phase topologies from iOBC12 to iOBC15 have
multifunctional ability with an average 12-18 total component count. However, the control
strategies they use are complex compared to the single-phase topologies.
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Figure 31. Qualitative analysis of iOBC topologies, (a) Total number of components used, (b) V2G
Capability(c) Controllability, (d) Reliability /Redundancy, (e) Charging power, (f) Charging efficiency,
(g) Traction power, (h) Traction efficiency, (i) Switching frequency, (j) THD during charging.

The simple PI control is used in most of the single-phase topologies. Additionally, the
reliability or redundancy is high compared to the three phase topologies. The charging
and traction efficiency for all topologies is between 85-95%, though the experimental setup
for validation of the simulation is not very high. The maximum charging power tested
is around 7 kW whereas the traction power is around 10 kW for all the topologies. The
topologies iOBC4, iOBC8 and iOBC15 are tested at around 7 kW charging power. On the
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Topologies
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other hand, almost all topologies are tested at around 10 kHz switching frequency except
iOBC6, which operates at 30 kHz, as illustrated in Figure 32.
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Figure 32. Estimated efficiencies for all considered iOBC power stages with different switching
technologies. (a) 20 kHz, (b) 60 kHz, (c) 80 kHz.

However, iOBC6 shows a high THD value during the charging operation. Conversely,
the three phase topologies show a THD value of less than 5%, which ensures good charging
power quality. On the other hand, it is shown in the topology section that the iOBC
topologies use a high power traction inverter and DC-DC converter during charging. Thus,
level 3 AC fast charging (up to 43.5 kW with 400 VAC) is possible to charge the EV. In this
context, the converter losses and efficiencies for all the topologies are also investigated at
different switching frequencies. For all considered topologies, the efficiency is estimated up
to a 44 kW system for 400 VAC charging input and 250 V minimum battery voltage during
charging. It is important to mention that only a power stage with an active semiconductor
switch is considered for the efficiency calculation. The passive elements, relays, etc., are not
considered. It is clearly visible that all single-phase topologies show poor efficiency for the
5i IGBT switch, which is less than 70%, whereas SiC and GaN switch technology displays
above 95% efficiency. For three-phase integrated OBC power stages, SiC technology shows
around 92% efficiency up to 60 kHz, compared to Si technology which is below 70%, though
the efficiencies are slightly less at 80 kHz. The GaN switch technology is a highly efficient
switch overall for design of a 44 kW system. However, it requires a very good gate drive
circuit with different kinds of protection mechanism.
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6. Electric Vehicle Charging Standards

A group of experts have created international standards which are widely accepted.
Various worldwide standards are being established and published to successfully deploy
EV chargers. These have been thoroughly designed to address the EV industry’s safety,
reliability, and interoperability concerns. EV and ESS manufacturers, utility companies,
EV charger manufacturers, code authorities, EV charger safety equipment makers, and
insurance organizations are among the businesses that use these standards.

Different EV charging standards [37,141-145] in the literature are discussed in Table 8.

Table 8. International standards for electric vehicle charging stations.

Standard Descriptions Standard
Code P Authority
General EV Charging and Maintenance Standards [37,141]
11772 EV conductive charging connector standard (Typel). The SAE J1772-2017 standard defines SAE 1
four levels of charging: AC Level 1, AC Level 2, DC Level 1, and DC Level 2
EV inductive coupled charging standard for AC Level 1, 2 and 3. This type of inductively
J1773 coupled charging is generally intended for transferring power at frequencies significantly SAE!
higher than power line frequencies.
Energy transfer requirements from power utility to EV through the EVSE. This document
12293 defines, either directly or by reference, all characteristics of the total EV Energy Transfer System SAE!
(EV-ETS) necessary to insure the functional interoperability of an EV and EVSE of the same
physical system architecture.
NEC 625/626 Electric vehicle charging and supply equipment system requirements NFPA 4
NEPA 70E Safgty sfcandards for employees who work on or near exposed energized electrical conductors NEPA 4
or circuit parts
NFPA 70B Recommended practice for electrical equipment maintenance NFPA *

This standard specifies the design interface of electric vehicles and direct current (dc) quick
chargers that promote interoperability and rapid charging of electric vehicle. A communication

3
IEEE 2030.1.1 method used for transmitting control signals between an electric vehicle and a quick charger in IEEE
the CHAdeMO system. (ISO 11898-2)

IEEE P1809 Sustainable electric vehicle guide. IEEE 3
IEC TC 69 EVs infrastructure safety, electrical installation, electric shock protection IEC 2
G101-109 Fast charging station operation and communication standards. JEVS7

Power Quality Standards [141,142]
The intent of this document is to develop a recommended practice for PEV chargers, whether
on-board or off-board the vehicle, that will enable equipment manufacturers, vehicle
J2894 manufacturers, electric utilities, and others to make reasonable design decisions regarding SAE!

IEEE 519-2014

power quality. According to this document, the power quality requirements for Plug-In Vehicle
chargers are shown <10%).

This defines the voltage and current harmonics distortion criteria for the design of electrical
systems (THD < 8%). The standard adopts the 10/12 cycles gapless harmonic subgroup
measurement from the IEC 61000-4-7. Aggregations of 150/180 cycles (~3 s) and 10 min are
required for the statistical assessments.

According to this standard, the current limits are more case and system dependent, which is
supposed to result in fewer restrictions to customers. However, the calculation of current limits

IEEE 3

IEC-1000-3-6 relies on many assumptions; these assumptions could defeat the good intentions of the ZEC IEC 2
standard. The EMC requirements for power supplied in Europe. (THD < 8% in low and
medium voltage)
GB/T 14549 Harmonics requirements for power supplied in China (THD < 5% for low voltage) GB8
Charging Station Management Standards [141]
NFPA 70 Safety management for electric vehicle charging station NFPA 4
IEC TC 21 Recommendation for EV energy storage system management IEC 2
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Table 8. Cont.

Standard Descriptions Standard
Code P Authority
EVSE Communication Standards [141,146]
This document applies to the off-board DC charger for conductive charging, which supplies DC
current to the Rechargable Energy Storage System (RESS) of the electric vehicle through a SAE 1
J2836/12847 /12931 J1772™ coupler. Communications will be on the SAE J1772 Pilot line for PLC communication. SAE
The details of PowerLine Communications (PLC) are found in SAE ]J2931/4.

IEEE 1901 Provide data rate while vehicles are charged overnight IEEE 3
IEEE P2690 Charging network management, Vehicle Authorization IEEE 3
1SO 15118-1 Road vehicles—Communication protocol between electric vehicle and grid—Part 1: Definitions 1SO 6

and use-case
Road vehicles—Communication protocol between electric vehicle and grid—Part 2: Sequence
diagrams and communication layers. The purpose of ISO 15118-2:2014 is to detail the
1SO 15118-2 communication between an EV (BEV or a PHEV) and an EVSE. Aspects are specified to detect a ISO ©
vehicle in a communication network and enable an Internet Protocol (IP) based communication
between EVCC and SECC.
V2X Standards [141,143]
IEEE 1547 Standards for interconnection between grid and distributed energy sources IEEE 3
IEEE P2030 Interoperability of EV charging station and microgrid IEEE 3
Standard for Inverters, Converters, Controllers and Interconnection System Equipment for use 5
UL 1741 ) L UL
with Distributed Energy Resources
EV Charging Station Protection and Safety Standards [143-145]
UL 2594/2251, Safety requirements for EV OBC system supplied by a branch circuit of up to 600 V for ULS
UL 2201/UL 2231  recharging the battery
UL 225a Recommendation related to the rules of protection regarding couplers, plugs, and receptacles ULS
ISO 6469 Safety recommendation for personal protection and EV storage system I1SO ©
IEC 60950 Safety requirements of technology equipment’s for the voltage level lower than 600 V IEC 2
IEC TC 64 EVs infrastructure safety, electrical installation, electric shock protection IEC 2
1SO 6469-1:2009 Electrically propelled road vehicles—Safety specifications—Part 1: Onboard rechargeable 1SO 6
energy storage system (RESS)
1SO 6469-2:2009 Electrically propellgd road' vehlc;les—Safety specifications—Part 2: Vehicle operational safety 1SO 6
means and protection against failures
1SO 6469-3:2009 Electr.lc road vehicles—Safety specifications Part 3: Protection of persons against 1SO 6
electric hazards
J2910 This standard deals with the electrical safety of buses and test for hybrid electric trucks SAE!
J2344 Recommendation for EV safety rules SAE!
Electric and Hybrid Electric Vehicle Rechargeable Energy Storage System (RESS) Safety and 1
J2464 : SAE
Abuse Testing
DIN V VDE Safety requirements for secondary batteries and battery installations—Part 11: Safety VDE ?
0510-11: requirements for secondary lithium batteries for hybrid vehicles a mobile application

L SAE: Society of Automotive Engineers; 2 JEC: International Electromechanical Commission; 3 IEEE: Institute of
Electrical and Electronic Engineers; 4 NFPA: National Fire Protection Association; > UL: Underwriters Laboratories
Inc; © ISO: International Organization of Standardization; 7 JEVS: Japan Electric Vehicle Standard; 8 GB/T: Guojia
Biaozhun/Tuijian (China);  VDE: Verband Deutscher Elektrotechniker (Germany).

7. Integrated On-Board Charger Power Density SoTA

It is clear from the review study that the technology now on the market or in develop-
ment is not mature or versatile enough to allow for such integration in vehicle development.
Power electronics converters in BEV and PHEV powertrains, for example, are mostly made
of Si-based semiconductors. The efficiency of these converters is limited to 92-93%, the
switching frequency is limited to 30 kHz, and a power density of just 0.18-0.73 W/L is
achievable. Therefore, WBG materials are quickly becoming the mainstay of integrated
power electronics converters. SiC and GaN are quickly becoming commercially viable
alternatives to Si as the material to construct future integrated iOBCs. Figure 33 depicts
the current state of the art for integrated motor drives, with power densities in kW /L and
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kW/kg [96,147-153]. The power density for commercial integrated motor drive ranges from
aminimum of 2.4 kW /L (Nissan Leaf) in 2012 to a maximum of 15.3 kW /kg (Bosch Gen3) in
2019, whereas the majority of electric vehicles on the market in 2021 use Si semiconductors
(such as the VW ID.3 with the new Infineon HybridPACK™ drive).

Power Density Trends of Commercial Integrated Motor Drive
2012 Leaf

2014 Accord

2016 BMW i3

2017 Tesla Model 3

2017 Toyota Prius
BOSCH Gen3

2019 Mercedes-Benz EQC
Conti Gen3

2020 VW ID3

2021 Hyundai Ioniq 5

[nnr”r

0.

o

2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0
= kW/kg W kW/L

Figure 33. Estimated power density state of the art of commercially available integrated motor drive.

In contrast, the giant EV manufacturers like Tesla and Hyundai have already planned
to use SiC technology in power electronic systems for their recent models such as Hyundai
IONIQ 5 (released in April 2021). Although the volumetric density of the Tesla Model 3
is the highest among all commercial motor drive iOBCs listed here, there is a relatively
high galvanometric density of 4.5 kW /kg due to the usage of SiC technology. Finally, the
estimated maximum power densities for the combination of inverter and on-board charger
are 14.8 kW/L and 12.3 kW /kg for Hyundai IONIQ 5 (launched in April 2021) which is
shown in Figure 34. However, the volumetric densities overview is incomplete; not all data
is accessible for an approximate computation.

Power Density Trends of Commercial Motor Drive iOBC
2016 BRUSA N——

2017 Toyota Prius

2017 Nissan Leaf

2017 Continental AllCharge
2017 Tesla Model3

2018 Fraunhofer IISB

2019 WolfSpeed

2020 EATON

2021 Hyundai IONIQ

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0
mkW/kg = kW/L

Figure 34. Estimated power density state of the art for commercially available integrated on-board
chargers (iIOBC).
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The technology currently on the market or in development is not mature and not
flexible enough to enable such an easy integration in vehicle development. For instance,
the power electronics converters used in BEV and PHEV powertrains primarily use Si-
based semiconductors. These converters are limited in several ways: the efficiency is
limited to 92-93%, switching frequency cannot go above 30 kHz and power densities
of only 0.18-0.73 W/L are attainable. The WBG semiconductors have brought drastic
improvements in power density and efficiency. Some giant car manufacturers such as
Hyundai, Tesla, and Volkswagen are using an advanced WBG switch pack to increase the
power density of the power converters. The linear power density trendline with collected
data shows that the projected volumetric and galvanometric power density touches at
approximately 25 kW /L and 20 kW /kg in 2025, which is depicted in Figure 35. The power
density trend of iOBC with a DC/DC converter is illustrated in Figure 36.

Integrated On-Board Charger - Inverter Estimated Power Density Trend
30

25

20

15
Possible Power Density

i Target of Integrated OBC

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026
® kW/L @ kW/kg eee+Linear (kW/L) «««-Linear (kW/kg)

Figure 35. Estimated power density trend of integrated on-board charger (iOBC) with motor drive.

5

KW/L 15

Cost ($/kW) 15 KW/kg 12
— 6 Technology WBG
Efficiency (%) 96

Cost ($/kW) 30 T WBG

kW/L 2

kW/kg 3

Efficiency (%) 94 Future Research Targets

Technology Si

Figure 36. Estimated power density trend of integrated on-board charger (iOBC) with DC/DC converters.
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The bibliometric analysis is performed on an integrated on-board EV charger in Scopus.
The base parameter of the analysis is the number of published documents such as journals,
conference proceedings, book chapters, etc. We performed this bibliometric study from
2010 until 2022. The documents published by different affiliations, authors, and publication
sources are depicted in the following Figures 37-40.
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Figure 37. Publication per year on iOBC for electric vehicles from 2010 to until 2022.
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Figure 38. Publication per year by different publishers from 2020 to 2022.
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Figure 39. Publication status of top 15 authors on iOBC for electric vehicles from 2010 to until 2022.
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Figure 40. Publication status of top 15 higher educational institutions for iOBC for electric vehicles
from 2010 to until 2022.

8. Economic and Environmental Impact of iOBC

Increasing usages of iOBC will reduce the total number of required converters in
EV drivetrains. From a conventional EV structure, iOBC will reduce utilization of the
two power electronics converter (i.e., AC/DC and isolated DC/DC). Thus, the required
carbon-footprint to produce a commercial passenger car will reduce in those vehicles where
iOBC is employed due to reducing usages of semiconductors (i.e., Si, SiC or GaN) and
magnetic materials. Fewer components on EVs will accelerate the shift to zero-tailpipe
emission solutions and environmentally friendly mobility, also resulting in cleaner air in
cities and thus a higher quality of life for citizens.

The economic impact of iOBC is also significant. The following impact is determined
via brainstorming;:

e  The implementation of iOBC solution will strengthen the competitiveness of EU
companies, particularly the OEMs which can benefit from the commercialization
of developments.

e  The car manufacturers will be able to increase their turnover due to sales of innovative
products, subsequently enhancing their positioning in the EV worldwide market by
using innovative iOBC solutions.

e The component level OEMs will be able to sell new services related to their testing
business, also enhancing their infrastructure and labs for unique positioning of novel
bidirectional testing activities.

e  This increase in competitiveness will be translated into maintaining jobs and expertise
in Europe.

e Impact of modular, flexible and bi-directional iOBC systems in increasing EVs adoption

v" Improved charging procedures without increasing battery size/price

v Improved user-friendliness and contribution to meeting end-user expectations
v Reduce costs on infrastructure side

v Generate new opportunities for the user

v Impact on time to market and accelerated adoption

e  Proven scalability and functionality with different vehicle brands and different vehicle
segments presented in the state-of-the-art review of iOBC topologies for BEV and
PHEV powertrains, including control.

9. Conclusions

This paper presented a state-of-the-art review of iOBC topologies for BEV and PHEV
powertrains, including control approaches and industrial power density trends. This
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review focuses on multiple performance features, such as multifunctionality, controllability,
charging current THD, voltage and current ripples, charging and traction efficiencies, which
directly influence the selection of a particular iOBC structure for respective BEV and PHEV
powertrains. This paper also shows possible integration approaches for an OBC with other
power electronics modules. It can be seen from this review that the iOBC9 is a good option
for a non-isolated iOBC structure. However, there is a need for isolation between the grid
and battery during charging.

To conclude, the iOBC15 is the best option for mainly low-power BEVs and PHEVs,
having excellent charging power quality, moderate cost, compact size and volume. On
the other hand, the iOBC7 and iOBCS8 are suitable for high-power BEVs and PHEVs, as
all have low switching losses, high efficiency, and simple controllability. In the case of
battery charging control approaches, the proportional-resonant control is the most favored
option due to its linear correlation, small overshoot, and high sensitivity for high power
applications. In the case of the motor control, the Hybrid IFOC with MPC depicts a better
response due to its high efficiency, simple control technique and design process. However,
IFOC has a positive impact on the switching devices rather than MPC, in terms of reliability
assessment. Finally, with the power density trends of integrated technologies, Hyundai
IONIQ 5, which was released in April 2021, designed a motor drive integrated OBC with
higher volumetric density compared to the previous state-of-the-art solutions, whereas
the Tesla Model 3 has an iOBC with around 12 kW /L. Both use SiC technology. On the
other hand, the galvanometric density of Hyundai IONIQ 5 is slightly higher compared
to Tesla Model 3, which is around 12 kW /kg. Therefore, future integrated OBC design
can consider these car manufacturers’ design and recent state of the art developments for
further improvement.
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Abbreviations

AFE Active Front-End

ANN Artificial Neural Network

ANNTC  Artificial Neural Network based Torque Control

BEV Battery Electric Vehicle

CcC Constant Current

M Common Mode

Ccv Constant Voltage

DSC Digital Signal Controller
DTC Direct Torque Control

EMI Electromagnetic Interference
EV Electric Vehicle

FL Fuzzy Logic

FTC Fuzzy based Torque Control
G2v Grid-to-Vehicle

GaN Galium Nitride

GB/T Guojia Biaozhun/Tuijian (China)
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HCC Hyteresis Current Control

ICE Internal Combustion Engine

IEC International Electromechanical Commission
IEEE Institute of Electrical and Electronic Engineers
IFOC Indirect Field Oriented Control

M Induction Machine

iOBC Integrated On-board Charger

ISO International Organization of Standardization

JEVS Japan Electric Vehicle Standard
MPC Model Predictive Control

NFPA National Fire Protection Association
OEM Original Equipment Manufacturer
OEWM  Open-End Winding Machine

PCC Predictive Current Control

PEV Plug-in Electric Vehicle

PI Proportional Integral

OEM Original Equipment Manufacturer
OEWM  Open-End Winding Machine

PCC Predictive Current Control
PEV Plug-in Electric Vehicle
PI Proportional Integral

PLL Phase Locked Loop
PMSM  Permanent Magnet Synchronous Machine

PR Proportional Resonant

PTC Predictive Torque Control

SAE Society of Automotive Engineers
SiC Silicon Carbide

SRM Synchronous Reluctance Machine
TIFLC  Type 1 Fuzzy Logic Control
T2FLC  Type 2 Fuzzy Logic Control
T2NFC  Type 2 Neural Fuzzy Control
THD Total Harmonic Distortion

UL Underwriters Laboratories Inc
V2D Vehicle-to-Device

V2G Vehicle-to-Grid

V2H Vehicle-to-Home

V2v Vehicle-to-Vehicle

VDE Verband Deutscher Elektrotechniker (Germany)
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