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Abstract: The high-voltage battery is a crucial element for EV traction systems. It is the primary
energy source that must be regularly recharged to reach the autonomy declared by the manufacturer.
Therefore, an EV charging system is required to ensure the battery charging process. This review
thoroughly investigates the available EV charging technologies and the most popular batteries for
EV applications. The contributions of this work can be summarized as follows: the classification
and topologies of electric vehicle chargers are examined, an overview of the current EV charging
standards is provided, the state-of-the-art of EV charging couplers is discussed, and the most widely
used batteries in EV applications are reviewed.

Keywords: EV charging system; EV charger standards; bidirectional EV charger topologies; EV
charging couplers; EV batteries classification; EV battery charge strategies

1. Introduction
1.1. Motivation

Due to the demand for decreasing CO, emissions and improving fuel efficiency,
research and development of electric vehicles (EVs) are being revitalized worldwide. These
vehicles can be a substitute for fuel-powered vehicles [1]. Truthfully, electric vehicles can
provide a great option to lessen the environmental effect of transportation and decrease
energy dependence due to their low power consumption and no local emissions [2,3].

In this context, markets for electric vehicles and their number on the road have been
overgrowing since 2010, as illustrated in Figure 1. In 2018, the worldwide EV fleet surpassed
5.1 million, nearly twice the record-breaking number of new registrations in 2017 [4,5]. At
the end of 2019, the worldwide EV fleet, including light vehicles, stood at 7.5 million [6-8].
In 2020, the global EV fleet exceeded 10 million, up by 43% since 2019. Especially two-thirds
of the stock and all new electric car registrations were battery electric vehicles (BEVs) [9,10].
In 2021, EV sales hit a new high. They nearly doubled to 6.6 million, bringing the overall
number of EVs on the road to more than 16.5 million [11]. After a few years of stasis,
China’s sales increased by three times compared to 2020, where they hit 3.3 million, and
by two-thirds year over year in Europe, where they reached 2.3 million. More than 85% of
worldwide EV sales in 2021 came from China and Europe, where they more than doubled
from 2020 to reach 630,000 EVs, followed by the United States with 10% [12,13]. From this
perspective, Figure 1 illustrates the global EV fleet from 2010 to 2021, while Figure 2 shows

EV sales and market share worldwide from 2016 to 2021.

One of the key findings from the data provided by the European Automobile Man-
ufacturers Association (ACEA) is that EVs are gaining ground more generally in Europe.
Accordingly, Figure 3 shows the annual growth of new passenger car registrations accord-
ing to their engine type in the EU from 2018 to 2021 [14]. However, in the European Union,
Attribution (CC BY) license (https:// ~New EV registrations increased from 5.9% (2019) to 37.6% (2021). Simultaneously, we see
creativecommons.org/licenses /by / a general decrease in petrol engine sales (from 36.7% to 19.6%) and in diesel engine sales
4.0/). (from 55.6% to 40.0%) [15,16].
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Figure 1. Global electric vehicles fleet from 2010 to 2021.
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In contrast, energy storage is a cornerstone of international climate and energy agree-
ments. However, even though a lot of renewable energy is available, it is rarely stored [17].
By effectively tackling the problem of keeping this clean energy, we could hasten the tran-
sition to an emissions-free society while avoiding significant expenditures on the smart
grid [18,19]. From this perspective, electric vehicles can play a particularly fascinating
role due to their ability to retain a substantial volume of electrical energy in their battery
packs, which may later be used to improve the electricity network [20,21]. This energy
exchange between EVs and the electricity network, known as vehicle-to-grid (V2G), could
be one of the main concepts in the forthcoming generation of power grids [22]. As shown
in Figure 4, the term implicitly covers both energy directions: the grid-to-vehicle (G2V)
is known as battery charging operation, and the V2G is known as battery discharging
operation [20]. Thus, during V2G, the EV interacts automatically with the smart grid to
exploit the energy stockpiled in the battery in favor of the electricity network during peak
consuming periods [23,24].

ELECTRIC
vEHICLE

Figure 4. G2V & V2G Energy flow.

When there is a power outage, the EV battery can be directly utilized as an emergency
power source for household electrical loads. This EV bidirectional charging mechanism is
called the vehicle-to-home (V2H) technology [25,26]. These V2G, V2H, and other capabil-
ities, such as vehicle-to-building (V2B, when an EV can provide services to a building’s
electrical installation) or, more likely, vehicle-to-load (V2L, e.g., to supply electric loads at a
camping site), are referred to as vehicle-to-everything (V2X) [27,28]. Figure 5 illustrates this
functionality as the most promising electromobility technology for empowering energy
exchanges between EVs and their environs [29]. This energy exchange can be performed
using bidirectional EV chargers embedded in vehicles or at EV charging stations.

1.2. Paper Novelties

This paper comprehensively reviews the current EV charging systems and the most
commonly used batteries in EV applications. Typically, an EV charging system consists
of a charging point, a charging coupler, an on-board charger, and a battery pack. A
management and control system in compliance with a set of standards available in many
regions and countries (e.g., North America, Europe, Japan, China, and others in the rest of
the world) ensures the communication and energy transfer between these different pieces
of equipment. Furthermore, the charging and discharging processes are carried out using
different strategies.

In summary, the novelties of this work are listed in the following:

e AnEV charger’s classification and topologies review are performed. Accordingly, the
EV charger’s classification is addressed, and each type of EV charger is briefly de-
scribed. Then, the focus is placed on the available EV charger topologies. Particularly,
bidirectional structures are highlighted, and the available topologies are compared;

e Anoverview of the available EV charging standards is given. American SAE J1772
standard, European IEC 61851 standard, and Chinese GB/T standards are mainly pre-
sented. The related EV charging modes/levels are described, and their specifications
are listed.

e A state-of-the-art in EV charging coupler is addressed. Therefore, the SAE J1772
coupler, the IEC type 2 coupler, the combined charging system (CCS) coupler, the
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CHAdeMO coupler, the GB/T coupler, and the Tesla coupler are described. Rated
parameters and pinouts of each coupler are also given;

e Areview of the most used batteries in EV applications is fulfilled. First, a classification
of EV batteries is accomplished. Finally, the battery terminologies and the most
well-known battery-charging methods are described.

(V2B

() @

Figure 5. The topology of V2X technology.

1.3. Paper Organization

The rest of the paper is organized as follows: A classification and topologies review of
EV chargers is performed in Section 2. An overview of the available EV charging standards
is given in Section 3. Section 4 addresses the state of the art of an available EV charging
coupler. In Section 5, a review of the most used batteries in EV applications is fulfilled.
Finally, a conclusion and references end this review.

2. Classification and Topologies of EV Charger
2.1. EV Chargers Classification

The high-voltage battery (HVB) is vital for EV traction systems. It is the primary
energy source that must be regularly recharged to reach the autonomy declared by the
manufacturer. Thus, an EV charging system is required to ensure the battery charging
process. This vital component, based principally on power conversion stages, allows the
electrical energy transfer between the power grid and EV batteries. Therefore, these EV
chargers can be classified according to several criteria, including the charger location, the
energy transfer direction, the charger structure, the connection type, and the number of
power conversion stages [30,31]. Accordingly, the options for each classification type are
described in Table 1.
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Table 1. EV charging systems classification.

EV Chargers Description
Offboard chargers All the components required for the EV charging and discharging process are inside the public
EV charging station [32,33].
On-board chargers Some components required for the battery-charging process are embedded inside the EV.

Unidirectional chargers

The electrical energy transfer is one-way from the EV charging station to the EV battery.
Therefore, only the G2V operation mode is possible.

Bidirectional chargers

The electrical energy flow can be from or to the EV battery. Thus, V2X technology can be ensured
by this type of charger [34].

Dedicated chargers

All equipment making up the charger is exclusively utilized to guarantee the EV charging or
discharging process.

Integrated chargers

When the EV is linked to the electricity network, the traction system constituents (Motors,
inverters, etc.) are used to guarantee the EV charging or discharging process [35].

Conductive chargers

A dedicated electrical cable links the EV to the electricity network.

Wireless Power
Transfer Chargers [36]

It is a contactless charging technology. No cables are utilized between the EV and the electricity
network [37]. Instead, the electrical energy transfer is based on electromagnetic induction [38].
Figure 6 illustrates the concept of this EV charger type [39]. Compared with conductive chargers,
these inductive chargers present various advantages [40]. Especially the convenience for the user
and the intrinsic galvanic insulation, while the cost and the need for custom hardware inside the
EV are the main drawbacks [41,42].

Single-stage
&
Dual-stage chargers

The first one consists of a single power conversion: only one ac-dc or one dc-dc power converter.
The second one involves double power stages: ac-dc and dc-dc power conversions.

Receiving coil

N —m—m————— -

Magnetic field

EV Charging

Station

'
Power

LConverter & ESS

\

Figure 6. EV wireless charger overview diagram.

2.2. EV Charger Topologies

The available EV charger topologies are highlighted in this section [43]. Especially
the bidirectional conductive on-board dedicated structures are highlighted. A review
of other charger topologies, including off-board [44], unidirectional, integrated [35,45],
and inductive EV chargers, can be found in [46-48]. A bidirectional EV charger typically
consists of one or two power conversion stages, which are required to guarantee G2V or
V2G operation modes. Therefore, various bidirectional EV charger topologies are possible
by combining different ac-dc and dc-dc power conversion stages in a single or dual-stage
structure with or without galvanic isolation [22,49]. Accordingly, Figure 7 illustrates
available structures which can be implemented for EV charger applications [50,51].
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Figure 7. Possible structures for EV charger solutions.

with galvanic
insulation

EV Battery pack

In the dual-stage case, a bidirectional EV charger includes a dc-dc power stage follow-
ing an ac-dc one. The first performs a power factor control (PFC) function and provides
a regulated high dc-bus output voltage. In contrast, the second connects the EV battery
to the high dc-bus voltage and ensures the energy exchange during G2V and V2G modes.
In the G2V mode, the reversible ac-dc stage functions as a boost power rectifier with a
unity power factor (UPF), whereas the bidirectional dc-dc converter works in buck mode
to ensure the EV charge operation [52]. In V2G mode, the reversible ac-dc stage functions
as a power inverter with a possible reactive energy injection into the electricity network,
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whereas the bidirectional dc-dc stage starts operating in a boost converter to ensure the
energy exchange from the EV battery to the dc-bus [23,53]. In the single-stage case, the EV
charger has only one ac-dc or one dc-dc stage [19,54]. In the first one, the power converter
ac-dc makes it possible to charge and discharge the EV battery with a power factor control
at the grid side. The charger is supplied in AC by the EV charging station. The second one
guarantees the battery-charging and the battery-discharging operations by the dc-dc stage.
However, the power factor control is ensured on the EV charging station side, in addition
to supplying the charger in DC [55]. Various circuitries are commonly used to perform
bidirectional ac-dc or dc-dc power conversion stages with half-bridge or full-bridge power
converters. The half-bridge structure is less expensive and has fewer elements but high
component stresses. In contrast, the full-bridge stage has more components and is more
costly but has lower component stresses. In addition to the control and management system
(CMS) intricacy and cost, the full-bridge topology needs more pulse width modulation
(PWM) control signals [47].

Figure 8 shows the electrical schematics of the commonly used bidirectional ac-dc
power conversion stage in EV chargers. Figure 8a shows a bidirectional half-bridge single-
phase ac-dc power converter. Figure 8b shows a bidirectional full-bridge single-phase
ac-dc power converter [54,56]. Figure 8c shows a bidirectional three-phase ac-dc power
converter. Finally, Figure 8d shows a bidirectional three-level diode-clamped ac-dc power
converter [57]. It is worth noting that bidirectional multilevel three-phase ac-dc power
converters are recommended for high-power EV chargers [58]. These converters afford a
high level of energy quality with a high-power factor, low total harmonic distortion (THD)
rate, and lessened electromagnetic interference noise on the grid side. Besides, they offer a
high level of dc voltage that is ripple-free, tightly regulated, and impervious to load and
source disturbances on the dc-side [59].

Figure 9 shows the most used dc-dc power circuitry for EV charging applications with
V2X technology. However, Figure 9a illustrates a non-isolated bidirectional half-bridge
dc-dc power converter, while Figure 9b presents its interleaved version. Figure 9c illustrates
an isolated bidirectional dual-active bridge (DAB) dc-dc power converter, while Figure 9d
shows its contactless version. It is a structure used for bidirectional inductive EV chargers;
the left bridge is situated in the EV charging station, while the right one is embedded into
the vehicle [60].

Vg@
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Figure 8. Cont.
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Figure 8. The electrical schematics of the commonly used bidirectional ac-dc power conversion stage
in EV chargers: (a) Bidirectional half-bridge single-phase ac-dc power converter; (b) Bidirectional
full-bridge single-phase ac-dc power converter; (c) Bidirectional three-phase ac-dc power converter;
(d) Bidirectional three-level diode-clamped ac-dc power converter.
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Figure 9. The electrical schematics of the most used dec-dc power conversion stage in EV chargers with
V2X technology: (a) non-isolate bidirectional half-bridge dc-dc power converter; (b) Bidirectional
interleave dc-dc power converter; (c) Isolated bidirectional dual-active bridge dc-dc power converter;
(d) Inductive bidirectional dual-active bridge dc-dc power converter.

Several techniques have been used to control these ac-dc power converters in order to
ensure the transfer of electric energy from and to the power grid. In [20], the problem of con-
trolling a full-bridge single-phase ac-dc power converter for BEV chargers was considered.
Based on the nonlinear model of the studied system, a nonlinear controller was designed
using the Lyapunov approach. The control objectives were twofold: Ensuring a UPF on the
grid side and regulating the dc-bus voltage. The effectiveness of the proposed nonlinear
controller was confirmed using numerical simulations. In [54], the authors dealt with mod-
eling and controlling a dc-dc power converter stage for BEV chargers. After modeling the
studied system, an output feedback controller was designed using LQOR technique control.
The constant current-constant voltage (CC-CV) strategy was used to ensure the EV battery
charging operation. In [61], the problem of controlling the half-bridge power converter has
been addressed. The control objectives were: ensuring a satisfactory PFC at the power grid
side and guaranteeing a tight regulation of the DC bus voltage. Accordingly, a dual-loop
nonlinear adaptive controller has been designed using the backstepping technique. The
inner loop ensures the PFC objective and involves an adaptive observer estimating the
power grid voltage and impedance parameters. However, the outer loop regulates the
DC-bus voltage. In [53], the authors focused on modeling and controlling a single-phase
on-board V2G BEV charger. The latter consists of a bidirectional dual-stage combining
an ac-dc power converter and a dc-dc power converter interfacing with an EV battery.
After system modeling, a nonlinear controller was elaborated using a backstepping design
technique. The point is that the battery’s internal voltage is not accessible for measurement.
Therefore, a Kalman-like observer was invoked to estimate all non-measured variables
making the solution cheaper and noiseless. In [62], a bidirectional single-phase EV charger
was proposed with the aim of its integration into V2H applications. It is a dual-stage
charger that can supply home appliances during power grid outages. The controller design
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was carried out using improved voltage control based on a predictive control strategy.
Furthermore, the main control objective, i.e., ensuring an off-line uninterruptible power
supply (UPS) during the V2H operation mode, was experimentally validated. In [63],
a novel architecture of a bidirectional off-board EV fast charger was presented. It is a
dual-stage structure composed of a three-phase ac-dc power converter associated with
a dc-dc power converter via a dc-link. The studied system was controlled to ensure the
battery charging/discharging process and the active/reactive energy exchanges during
the G2V and V2G operation modes. Furthermore, the design of the proposed controller
has been performed using the conventional PI controller combined with a8 transformation.
In [64], a bidirectional single-phase dual-stage EV charger was considered. It comprises a
full-bridge ac-dc power converter and a bidirectional dc-dc power converter. The first one
is controlled using the classical PI regulator combined with a DQ transformation to regulate
the reactive power Q, while the second is controlled to regulate the active power P, also
using a PI controller. In both operation modes, G2V and V2G, the energy transfer is ensured
by controlling the P and Q powers in all four quadrants of the P-Q plane. A corresponding
charger prototype was carried out, and the proposed controller was experimentally vali-
dated. In [23], the problem of modeling and controlling a three-phase dual-stage structure
BEV charger was addressed in modes G2V and V2G. A nonlinear observer was proposed
to estimate the battery’s state of charge, and a backstepping technique combined with a
Lyapunov approach was used to design a nonlinear controller. Furthermore, a comparison
with a fuzzy logic-based PI controller was accomplished using simulation scenarios, which
clearly illustrate the supremacy of the proposed nonlinear controller.

3. EV Charging Standards Overview

ISO, IEC, and SAE international standards, which include a full set of classifica-
tions and regulations covering everything from charging connectors to charging device
topologies, have already been established in Europe and North America to govern the EV
charging process thoroughly [65]. An overview of these available standards in Europe,
North America, Japan, and China is given in the following subsections [66-68].

3.1. SAE J1772 Standard

SAE J1772 is a standard published by SAE International that encompasses the general
physical, electrical, functional, and quality criteria for EVs’ conductive charging process in
North America [69]. This standard provides available conductive charging methods for
EVs and electric vehicle supply equipment (EVSE), including the operational, functional,
and dimensional requirements for the vehicle inlet and mating connector [70]. In addition,
the SAE International terminology “Charging Levels” is utilized to classify the rated
currents, voltages, and powers of the charging systems currently offered in North American
markets [71,72]. Accordingly, the October 2017 revision of the SAE J1772 standard outlines
four charging levels: AC Level 1, AC Level 2, DC Level 1, and DC Level 2 [65]. Table 2 lists
and describes their charging configuration settings and ratings [73]. SAE J1772 AC Level 1
charging presumes that the EV can be charged at home or in the office parking lot using a
conventional wall outlet. The power supply is an AC single-phase with power up to 1.9 KW
(120 V@16 A). SAE J1772’s AC Level 2 charging also assumes that the EV has an on-board
charger and also the supply is a single-phase AC with a nominal voltage of 240 V that can
provide up to 80 A of current and up to 19.2 KW of power. The AC Level 2 charging is also
available for residential installation using a wall box. Still, it is more commonly performed
at workplaces or public parking areas by linking the EV to an EV charge point. Typically,
available AC charging powers are 3.3 KW, 7 KW, and 20 KW [74,75]. SAE J1772 defines two
DC fast-charging levels: DC Level 1 and DC Level 2, with power up to 80 kW and 400 kW,
respectively [76]. As shown in Table 2, each DC Level assumes that the on-board charger is
bypassed and that the charging station directly supplies the EV battery with a DC voltage
using a DC connector [72,74].
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Table 2. Levels charging available in SAE J1772 (2017) configuration.

Charging Level

Specifications

AC Level 1

EV includes an on-board charger
AC Single-phase Supply from a household outlet:

e 120V@12A=144KW
e 120V@16 A= 192KW

Estimated charge-time for 1.92 KW:

e PHEV: 7 h (SOC 0% to 100%)
e  BEV:17h (SOC 20% to 100%) !

AC Level 2

EV includes an on-board charger

208-240 V AC Single-phase

Supply from residential installation or EVSE
Charging power up to 19.2 KW (Typ. 7.2 KW)
Charging current up to 80 A (Typ. 30 A)
Estimated charge-time for 3.3 KW:

e PHEV:3h (SOC 0% to full)
e BEV:7h (SOC 20% to full)

Estimated charge-time for 7 KW:

e PHEV: 1.5 h (SOC 0% to full)
e BEV:3.5h (SOC 20% to full)

DC Level 1

EVSE output voltage: 50-1000 V DC
Charging power up to 80 KW (Typ. 50 KW)
Charging current up to 80 A (Typ. 50 A)
Estimated charge-time for 50 KW:

e PHEV: 10 min (SOC 0% to 80%)
BEV: 20 min (SOC 20% to 80%)

DC Level 2

EVSE output voltage: 50-1000 V DC
Charging power up to 400 KW (Typ. 50 KW)
Charging current up to 400 A (Typ. 50 A)
Estimated charge-time for 100 KW:

e BEV: <10 min (SOC 20% to 80%)

I BEV battery capacity is presumed to be 25 KWh, while that of PHEV is 5-15 KWh.

3.2. IEC 61851 Standard

In Europe and other countries, the IEC uses the terminology “Charging modes” to
classify the methods of power distribution and protection installation, as well as the
communication and management of the EV charging system [77]. Accordingly, as illustrated
in Figure 10, the international standard IEC 61851-1 published in 2017 describes four distinct

EV charging modes [78].

These charging modes are described below, and their main parameters are listed in

Table 3 [79]:

e Mode 1 (also known as Schuko mode) relates to charging an electric vehicle from a
standard household socket using a basic extender cable without protective equipment.
Furthermore, this standard domestic socket is protected using a slow fuse, making
this charging mode extremely unsafe. For that reason, the Schuko charging mode is
strongly discouraged in many parts of the world.

e  Mode 2 relates to charging an electric vehicle from a standard domestic socket aug-
mented with a control and protection system installed inside the cable (well-known as
in-cable control and protection device (IC-CPD)). Compared to Mode 1, this charging
option is far less dangerous. Nevertheless, the charging capacity will be constrained
by the maximum power of the socket outlet.
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e  Mode 3 relates to adequately controlled and protected dedicated AC charging stations.
It’s the usual charging mode worldwide, with a power range from 3.7 kW to 43 kW.

e Mode 4 is the DC charging mode. The public EV charge point directly supplies DC
voltage to the EV battery pack. Therefore, the EV on-board charger is bypassed.

ac COS:::I::II:[IDI'I

a
AC
Control &
Control & Communication
Communication [ —
— O iR
@ Cable connected to EVSE @

(d)
Figure 10. IEC 61851-1 Charging Modes: (a) Mode 1; (b) Mode 2; (c) Mode 3; (d) Mode 4.

Table 3. Specifications of the IEC 61851 charging modes.

Charging mode Specifications

- AC charging via on-board EV charger

- Non-dedicated power socket (household outlet)
Mode 1 - Simple cable without protection

- Unsafe (Risk of overheating)

- Not recommended to use

- AC charging via on-board EV charger
- Non-dedicated power outlet
- Cable with in-cable control and protection device (IC-CPD)
- Charging power up to:
e 37KW 230V @ 16 A) in residential use
7.4 KW (230 V@ 32 A) in industrial use

Mode 2

- Single or three-phase AC supply from EVSE
- EV includes an on-board charger
- Dedicated cable and dedicated power socket
- The EVSE includes control, communication, and security features
- Charging power up to 43 KW
Mode 3 - Typical charging powers:
e  Single-phase: 3.7 KW and 7.4 KW
o  Three-phase:

o 11KW (400 V @ 16 A)
o 22 KW (400 V @ 32 A)
43 KW (400 V @ 63 A)

- DC supply from the EVSE
- Dedicated cable fixed in the EVSE
Mode 4 - The EVSE includes control, communication, and security features
- The EV on-board charger is bypassed
- For public and commercial charging applications
- Charging power up to 400 KW (1000 V @ 400 A)

3.3. China GB Standards

The China GB (Guo Biao) standards are mandatory or recommended. Mandatory
standards, like other technical regulations in China, have legal force. They are regulated by
legislation and authoritative rules to protect public health, private property, and safety. All



Energies 2023, 16, 255

13 of 38

standards that do not meet these criteria are deemed recommended (i.e., Quasi-Mandatory
standards). GB standards are classified as Mandatory or Recommended based on their
prefix code. GB is a mandatory standard, whereas GB/T is a recommended standard [80].
Table 4 summarizes the GB/T standards concerning the EV charging systems implemented
in China.

Table 4. Overview of GB/T standards for EV charging system.

Standard Code GB Standard Title

- Connection set for EVs conductive charging

GB/T 20234.1-2015 - Part 1: General requirements

- Connection set for EVs conductive charging

GB/T 20234.2-2015 - Part 2: AC charging coupler

- Connection set for EVs conductive charging

GB/T 20234.3-2015 - Part 3: DC charging coupler

- Protocols for communication between off-board conductive

GB/T 27930-2015 chargers and the EV battery management system

GB/T 28569-2012 - Metering of electric energy for EV AC charging stations
GB/T 29317-2012 - EV charging/battery swap infrastructure terminology
GB/T 29318-2012 - Metering of electric energy for EV off-board chargers
GB/T 38775-2020 - EV wireless power transfer

4. State of the Art of EV Charging Couplers

This section addresses an overview of the available EV charging couplers. Ideally,
it would be efficient to have all EVs equipped with the same charging inlet and can be
connected to any charging station [81]. Unfortunately, this is not the case. EV charging inlets
vary by geographic region and model, as shown in Table 5 [82-84]. Thus, several couplers
have emerged: SAE type 1, Mennekes Type 2, CCS Combo, Japan CHAdeMO, China GB/T,
Tesla supercharger, and the High Power Chao]i [83,85]. The following subsections cover all
of these charging systems.

4.1. SAE J1772 Coupler

The Yazaki manufacturer produced the SAE J1772 coupler in 2009 with full respect to
the SAE J1772-2009 standard. Its specifications were later stated to the IEC 62196-2 standard
in May 2011 (i.e., IEC Type 1 coupler). It's widely utilized for AC charging systems in the
United States, Canada, and Japan. It accepts a single-phase AC power supply and can
charge up to 19.2 kW (240 V @ 80 A). Figure 11 shows the EV J-plug and its corresponding
EV Inlet [86].



Energies 2023, 16, 255

14 of 38

Table 5. EV charging Inlet classifications by region.

Countries EU North America Japan China Tesla
Type 2 Type 1 GB/T AC
00 &0
AC 000 D60
00 00
IEC 62196-2 SAEJ1772 [/ IEC 62196-2 GB/T 202034.2 Tesla AC/DC
CHAdeMO GB/TDC
CCS Combo 2 CCS Combo 1 @ ﬂ:ﬂ
00 00 O_O
ooo @ aoo Used only in

00

e IEC 62196-4 GB/T 202034 .3

High Power Chaoli

OO

SAEJITIZ
IEC 62196-3

SAE 1772
IEC 62196-3

North America
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PE

Figure 11. The SAE J1772 EV charging coupler: EV Plug (Left) and Inlet (Right).

As illustrated and described in Figure 12, this connector has a circular 43.8 mm (1.72/)
diameter with five pins of three different sizes. The proximity pilot (PP) is a proximity
detection pin that communicates with the EV’s control system, allowing it to restrict
movement while linked to the EVSE and signaling the latch release button to the EV. The
control pilot (CP) pin is a communication signal. It is used between the EV and the EVSE
to communicate the charging level, initiate the charging process, and send other data. The
EVSE generates a 1 kHz square signal on the control pilot line at +12 V. This signal is used
to check whether an EV is present, transmit the authorized limits of the charging current,
and manage the charging begin/end process. Figure 13 illustrates the electrical signaling
circuit in a J1772 [87].

o L1 : AC single-phase Line 1

o LI1/N : AC single-phase Line 2 or Neutral pin
o PE :Protective Earth

o CP :Control Pilot (Post-insertion signaling)

o PP  :Proximity Pilot (Pre-insertion signaling)

Figure 12. Pinout of the SAE J1772 Plug.

4.2. IEC Type 2 Coupler

The type 2 coupler had first been proposed by the German manufacturer “Mennekes”
in 2009, and it is still commonly referred to as such (i.e., Mennekes Type 2). In January
2013, the European Commission designated it as an official charging coupler in the EU.
Some other countries outside the EU, including Australia and New Zealand, are adopting
the same coupler, while the Chinese standard GB/T 20234-2 outlines a similar but unique
design. As is described in the IEC 62196-2 standard, this coupler was initially designed for
AC charging systems. That means it can support a power-charging up to 7.4 kW (230 V
@ 32 A) or 43 kW (400 V @ 63 A) from a single-phase or three-phase AC power supply,

7
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respectively [82,88,89]. Technically, the Mennekes Type 2 coupler can adopt three different
configurations, as presented in Table 6, but only the first one is used in the EU [90].

ST Revse T T TEVSE % " VEHICLE % { VEHICLE )
: CONTROLLER ! 1 CONNECTOR ! i INLET i CONTROLLER !
1 H H H : i i
b 12V +agv H : : ' :
! 1kHz S1 O : i i i
! ' : ' HE H
| | e H ' ' H !
: +2V | ry 1o o1 ¥ CONTROLLER
R e N -
1 ' ! +12V 1
E ouT 10k 3 |4 crouND 1</-3 (i D1 DETECTOR cp
: N o] - : PILOT i<t - 0 ;
P = = DETECTOR  }! <{PROXIMITY i<; 1145V !

1y [ 1 ! 1
i CONTROLLER H Re ! i H1 < R4 :
i i 150 ! : 11 S>330 i
i E H H : i PE
1 H H : ! 1
: 1183 R7 | : RG 11 !
: i 330 i : 27k 4 N1
: ' : : T '

___________________________________________________________________________________

Figure 13. Signaling circuit in a J1772 interface.

Table 6. AC and DC available configurations of Type 2 EV Inlet.

Configuration Supply Type Max. Voltage @ Max. Current
CP PP i
® » Single-phase AC 500Vv@1 x 70 A
N PE) (L1
L3 L2 Three-phase AC 500V@3 x 63 A
CP PP
[ ] °
N PE) (L1
DC-Low 500V@70 A
+ =
CP PP
] ®
+) PE (—
DC-Mid 500V@2 x70A
+ =

The IEC type 2 is a circular 70 mm (2.8") diameter connector with a flat side to facilitate
mechanical alignment, as seen in Figure 14a. Its pinout is shown in Figure 14b. Some public
EV charge points in Australia, New Zealand, Europe, and other regions have a charging
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cable, whereas others only feature a socket outlet. Accordingly, Figure 14c shows a “type
2-to-type 2” cable required to charge the EV [81].

Type 2 Male Plug
Charging station side

Household Plug

¥
Type 2 plug
(EV side)

Figure 14. The type 2 EV coupler and associated devices: (a) Type 2 EV charging coupler: EV Inlet
(Left) and EV Plug (Right); (b) Pinout of the Type 2 EV Plug; (c) Type 2-to-Type 2 Charging cable;
(d) The Mennekes Type 2 portable EVSE.

Besides, each EV is delivered with a portable EVSE. It is an EV charging cable equipped
with in-cable control and protection device (IC-CPD) and a Schuko plug, allowing AC
charging via a household outlet. An example of this equipment with a type 2 EV plug
and AC charging power up to 3.7 KW (230 V @ 16 A) is illustrated in Figure 14d. It was
developed by Mennekes and Siemens and produced collaboratively [91]. Finally, Table 7
presents a non-exhaustive list of EVs compatible with the IEC Type 2 standard.
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Table 7. The most common EV compatible with type 2 Standard.

Max. Charging Power

Charge Time

EV Inlets

Electric Range !

Battery Capacity (KWh) (Km)
Renault Zoe 2 (2019) 52 ]‘;(C: z’ 52,5 EV":; 2 ?54311 I.:r‘lm Combo CCS 2 390
AC=7KW 7 h 30 min
Peugeot e-208 46 AC = 11 KW 4 h 47 min Combo CCS 2 340
DC = 100 KW 24 min
AC =74KW 7 h 06 min
Opel Corsa-e (2020) 46 AC= 11 KW 4 h 47 min Combo CCS 2 337
DC = 100 KW 24 min
. AC = 6.6 KW 10 h 23 min Type 2
Nissan Leaf e+ (2019) 60 DC = 100 KW 32 min CHAZ}zleMO 385
. AC = 11 KW 3 h 56 min
BMW i3 379 DC = 50 KW 37 min Combo CCS 2 310
Tesla Model S 100 ]f?((; :21010KKV\Y\7 ? }21 65r2nlilrl1m Tesla EU 2 610
Tesla Model 3 (2019) 75 ngzgoi"yv 7 1212411;1?:“ Combo CCS 2 560
AC = 6.6 KW 6 h 09 min
Honda e (2020) 355 AC = 22KW 1h 51 min Combo CCS 2 200
DC = 100 KW 17 min

Note: Charging in AC mode is accomplished from 0 to 100% battery-rated capacity via a type 2 plug, while that in DC mode is done at 80% via CCS Combo 2 or CHAdeMO
plug.! Worldwide harmonized Light Vehicles Test Procedures (WLTP) [92]. 2 A CCS Combo adapter is also proposed to access fast-charging stations other than Tesla superchargers.
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4.3. CCS Combo Coupler

DC fast charging is also available in Europe, as it is in North America, where CCS
Combo 2 is the standard utilized by almost all manufacturers except for Nissan and
Mitsubishi [85]. It combines two DC-fast charging pins with the Type 2 connector in the
same way that the CCS Combo 1 system (J1772 connector) does in the United States and
Canada. As illustrated in Table 8, the CCS Combo standard covers the AC charging and
the DC fast charging levels using a single EV inlet [93].

Table 8. CCS Combo Coupler specifications.

Region

Function CCS Combo Coupler

Europe

CCS Combo 1
AC charging with Type 2 EV plug

DC fast charging via dedicated pins with CCS

Combo 2 EV plug

North America

Single-phase AC charging with Type 1 EV plug

CCS Combo 2

DC fast charging via dedicated pins with CCS

Combo 1 EV plug

The pinout of the CCS Combo 1 EV inlet is presented in Figure 15 [94], while the
pinout of the CCS Combo 2 EV plug and inlet is illustrated in Figure 16 [95].

4.4. CHAdeMO Coupler

CHAdeMO is a DC fast-charging coupler for electric vehicles with a charging power
ranging from 6 KW to 400 KW. Its coupler is shown in Figure 17, while Figure 18 illustrates
its sequence circuit and pin layout [96]. There are ten (10) pins, and one of them is not
connected (Pin #3). The sequence circuit establishes the exchanged parameters necessary
during charging control. In addition, the EV and the DC fast-charging EVSE are equipped
with terminating resistors for communications.
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Contact #2

3.6 mm 80 A / 600 V Maximum

(N) - AC level 1 Neutral

(L2) Line 2 - AC Level 2 Power

(DC-) DC Level 1 Power

Contact #4

1.5mm 2 A / 30 V Maximum

(CP) Control Pilot:

AC Levels 1 & 2 Indication

of Available Current from EVSE/
DC Levels 1 & 2 Communication
Between EVSE and Vehicle

Contact #7

8.0 mm 400 A / 1000 V Maximum
(DC-) DC Level 2 Power

Contact #1

3.6 mm 80 A / 600 V Maximum
(L1) Line 1 - AC level 1 Power
(L1) Line 1 - AC Level 2 Power
(DC+) - DC Level 1 Power

) § | Contact #5
"o 1.5mm 2 A/ 30 V Maximum
7 (CS) Control Status: Monitor
Release Switch/
(PD) Proximity Detection:
Detects Connection
Status to Vehicle

Contact #6

8.0 mm 400 A / 1000 V Maximum
(DC+) DC Level 2 Power

Maximum AC Charge Rate Maximum DC Charge Rate
AC level 1 = 1.92 kW DC level 1 = 48 kW

AC Level 2 = 19.2 kW Contact #3 DC Level 2 = 400 kW

2.8 mm Terminal

(PE) Protective Earth/
Chassis Ground

Figure 15. The pinout of the CCS Combo 1 EV inlet.

C“PP

cp

L3

DC DC—

N

DC+

Figure 16. The pinout of the CCS Combo 2 coupler: EV Plug (Left) and Inlet (Right).
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f
Power
lines T

.

f
Control
lines

"

CAN BUS{

Figure 17. The CHAdeMO coupler: EV Plug (Left) and Inlet (Right).

Charger side
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Figure 18. CHAdeMO sequence circuit and pin layout.

Pin layout

It's designed by the Japanese CHAdeMO Association, which is also in charge of
certification, assuring compatibility between the EV and the charger. The Tokyo Electric
Power Company, Mitsubishi, Nissan, and Subaru Corporation founded the CHAdeMO
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association in 2010. Subsequently, Toyota joined. Figure 19 presents the timeline of this
Japanese standard [97,98].

- CHAdeMO 3.0 (900kW) and 2-wheeler specs to be published

- CHAdeMO bus specs to be published as IEC standard

CHAdeMO celebrates 10-years of in-market experience and trust
2019

- CHAdeMO 2.0 (400 kW) specs published
- 20,000 CHAdeMO charge points and one million CHAdeMO
compatible EVs globally ( 2013)

CHAdeMO published as IEEE standard (IEEE 2030.1.1)
2016

10,000 CHAdeMO charge points globally

- CHAdeMO published as IEC(March) and EN(December)
(IEC 61851-24, IEC 61851-23, IEC 62196-3)

- CHAdeMO V2X protocol published

- 100,000 CHAdeMO compatible EVs globally

- Third-party certification starts 2013

The first CHAdeMO charger in Europe deployed

Establishment of CHAdeMO Association

Figure 19. The timeline of the CHAdeMO Japanese standard.

In 2018, the CHAdeMO association and the China electricity council (CEC) started co-
working to develop high-power next-generation EV charging standards, aiming at 900 kW
of power. Its working title was ChaoJi or CHAdeMO 3.0, as illustrated in Figure 20 [99]. In
2020, the 350 - 400 kW EV charging was enabled, and the ChaolJi first charging tests and
demonstration were accomplished (CHAdeMO 3.0 up to 600 A @ 1.5 kV) [100]. In 2021,
the full specifications of ChaoJi 2 were announced (CHAdeMO 3.0). In 2022, Chao]i 2 is
scheduled to be published (CHAdeMO 3.0.1), and the IEC will receive proposals for the
ChaoJi charging system and coupler (61851-23; 62196-3; and 62196-3-1). In 2023, Chao]i 2



Energies 2023, 16, 255 23 of 38

(CHAdeMO 3.0.1) field testing in Japan is planned, and Ultra-ChaoJi (CHAdeMO 4.0) will

be deployed [101,102].
0 125A 200A 400A 600A
CHAdeMO 0.9/1.0/1.1 CHAdeMO 1.2/2.0 N CHAdeMO 3.0 (ChaoJi) \\
- | 62.5 KW 200 - 400 KW 900 KW N
- (125A @ 500V) (400 A@ 1KV) (600A @ 1.5KV) //

Figure 20. CHAdeMO standard specifications.

4.5. GB/T Coupler

In the EV charging infrastructure, China uses one connector for AC charging and
another for DC charging, as in Table 5. Both infrastructures are governed by the GB/T
20234-2015 standard [103]. As shown in Table 9, Part 2 of this standard (i.e., GB/T 20234.2-
2015) applies to AC charging couplers for EVs conductive charging with rated voltages up
to 440 V, rated currents up to 63 A, and frequency of 50 Hz [104].

Table 9. Rated Values of Charging Coupler in the GB/T 20234 standard.

Rated Voltage Rated Current Max. Power
AC Single-phase charging 250V 10/16/32 A 8 KW
AC Three-phase charging 440V 16/32/63 A 48 KW
DC Fast charging 700/1000 V 80/125/200/250 A 250 KW

The China AC charging standard (i.e., GB/T 20234.2-2015) defines cables with Type
2-style male connectors at both ends and female inlets on EVs as opposed to the rest of
the world, as well as different control signaling [105]. The GB/T AC EV plug and inlet are
shown in Figure 21, while their pinouts are illustrated in Figure 22.

=

~B

Figure 21. The GB/T AC charging coupler: EV Plug (Left) and Inlet (Right).

Further, Part 3 of the GB/T 20234 standard covers the fundamental specifications,
function definitions, type structures, parameters, and dimensions of DC charging couplers
for EVs’ conductive charging. As stated in Table 9, GB/T 20234.3-2015 (Part 3 of GB/20234)
applies to vehicle couplers in charging Mode 4 and connection Mode C, with rated voltages
and currents of up to 1000 V (DC) and 250 A (DC), respectively [106]. The GB/T DC EV
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plug and inlet are shown in Figure 23, while their pinouts are illustrated in Figure 24, and
finally, the function of each DC coupler pin is listed in Table 10 [107].

cP

L3

Figure 22. The GB/T AC Coupler pinout: EV Plug (Left) and Inlet (Right).

e —— i

Figure 23. The GB/T DC charging coupler: Inlet (Left) and EV Plug (Right).

cc2 cc1 cc2 cct

PE

Figure 24. The GB/T DC Coupler pinout: EV Plug (Left) and Inlet (Right).
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Table 10. GB/T 20234 DC Coupler pins functions.

Pin Ref. Pin Function

DC+ DC Power supply positive

DC— DC power supply negative
PE Protective Earth (PE)
S+ Charging communication CAN_H
S— Charging communication CAN_L

cC1 Charging connection confirmation 1

cC2 Charging connection confirmation 2
A+ Low-voltage auxiliary power supply positive
A— Low-voltage auxiliary power supply negative

With the support of the governments of China and Japan, the CHAdeMO Organization
and the China electricity council (CEC) have lately been working on a new international
high-power DC charging standard that is backward compatible with existing CHAdeMO
and GB/T standards. Figure 25 shows the new GB/T- CHAdeMO coupler prototype,
which was revealed during the CHAdeMO general assembly with a charging power of
up to 900 kW (1500 V @ 600 A) [101,108,109]. ChaoJi is the codename of the new EV
charger standard. The ChaoJi standard, like its predecessors, will employ the controller
area network (CAN) bus for EV charging communication [110,111]. Figure 26 illustrates
how the results of this collaborative work would eventually lead to a single harmonized
standard [112,113].

\//

|

&
C
&

i

Figure 25. The Chao]i coupler: EV Plug (Left), Inlet (Middle), and Inlet pinout (Right).

CHAdeMO

GBT

Chaoli

Common
Unique
Standard

ccs

Figure 26. ChaoJi towards harmonization.
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4.6. Tesla Coupler

Founded in 2003, Tesla is a California brand specializing in EVs and energy. After its
first EV, the Roadster 2008, the manufacturer has four models within its range: The Model
S, the Model 3, the Model X, the Model Y, and the new Roadster 2020. The type of the Tesla
EV inlet depends on the region in which the vehicle is sold. Thus, the US version is also
sold in Canada, Mexico, Japan, and Taiwan and is equipped with the proprietary Tesla
inlet, as shown in Figure 27a. In contrast, Figure 27b illustrates that the Tesla vehicle sold
in Europe is fitted with a Type 2 inlet or, more recently, a CCS Combo 2 inlet, as presented
in Figure 27c. Finally, the Tesla vehicle in China is equipped with a dual inlet: AC GB/T
and DC GB/T inlets, as shown in Figure 27d [81].

(d)

Figure 27. The Tesla EV inlet according to the region of sale: (a) US; (b) and (c) EU; (d) China.

The Tesla standard is also gaining ground by installing its proprietary EV charging
stations worldwide, commonly the so-called Tesla Supercharger or Tesla Megacharger.
These EV charging stations provide three charging speeds: trickle at 2.4 KW (120 V @
15-20 A), medium at 19.2 KW (240 V @ 80 A), and fast at 144 KW (480 V @ 300 A) [114].
All these three levels and speeds are through a single interface, allowing driving ranges
varying from 3 to 273 km per hour of charge [115]. Figure 28 illustrates the proprietary
Tesla EV plug.

Figure 28. Tesla EV plug.
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5. EV Batteries

Commonly, an EV is equipped with two types of batteries: a high-voltage battery
called a traction battery and a low-voltage battery. The first is the principal energy source
that supplies the electric traction motor via a three-phase power inverter. It is generally
Lithium-ion based and can be charged using the ac-current through an on-board charger or
directly using the dc-current provided by the dc fast-charging stations. However, a third
charging technique called battery swapping makes it possible to exchange the drained
battery with a charged one [66,116,117]. The second is a 12 V lead-acid battery that supplies
the vehicle’s auxiliary loads [118]. It is charged from the high-voltage battery through a
dc-dc converter [119].

The high-voltage battery is made up of several individual cells that are grouped into
modules. These are added to each other to form the final traction battery, as shown in
Figure 29. The design of the battery cells varies depending on the vehicle manufacturer.
In this case, the deciding factors are, e.g., energy density, heat dissipation, manufacturing
cost, weight, modular adaptability, or mechanical stability. An anode (the negative pole), a
cathode (the positive pole), and an electrolyte make up a battery cell [120]. The electrolyte
is a conductive (liquid or solid) element that allows current flow between poles. Battery
operation is based on using a pair of metals capable of exchanging electrons. Based on
these metals, EV batteries will be classified in the next section.

Modules

Figure 29. The high-voltage battery components.

5.1. EV Batteries Classification

In this subsection, the main types of batteries used by the EV industry are described,
and their advantages/disadvantages are listed in Table 11 [121]. According to this clas-
sification, Li-ion batteries have excellent technical characteristics, which make them best
suited to be used as traction batteries in EVs [118,120,122].



Energies 2023, 16, 255

28 of 38

Table 11. The EV batteries classification.

EV Battery Type and Description

Advantages

Disadvantages

+ Easy to produce and lead is a wide- spread metal Lead is toxic and polluting even though it is relatively
. . implying a low cost; easily recycled;
A lead anode and cathode are used in a lead-acid battery. + Ability to deliver a high current (used to start Low energy density implies low electric range for an EV;
fuel engines). Limited lifetime of around 600 cycles.

Nickel-Cadmium (Ni-Cd) batteries are ubiquitous in the + Slightly higher energy density than lead-acid batteries Their significant memory effect makes their
industry and have been used in some older EV projects. (up to 80 Wh/kg); . use restrictive; . oo

+ Relatively inexpensive. Cadmium is very polluting and difficult to recycle.
Lithium batteries include many technologies that use lithium ) ) Depth of discharee: these batteries age less quickly when
in different forms. These technologies are the most efficient + T}(lie hlg;‘ en.eriy. density (150 Wh/kg to 200 Wh/Kg) and theI; are rechargegd every 10% than v%hen thcgy arey
today but are also very expensive. However, they appear to be reduced weight; recharged every 80%;

i ; + Low self-discharge rate (less than 10% per year); : o .

gaining headway in the EV market [123]. L o Lif a1 les): Risk of explosion if all safety conditions are not met. To
Lithium-ion batteries (Li-ion) utilize lithium as ions inserted =~ * ong service ;fe (e.lroun 000 cycles); avoid this issue, the manufacturer must provide a
into the electrolyte. First marketed by Sony Energitech in 1991, * No memory effect; security system: The battery management system [124].
it is increasingly used in EVs, from bicycles to buses.

+ Very stable cathode, which makes the battery safer (it
The Lithium-phosphate batteries that appeared in 2007 used a does not release oxygen which is responsible for Li-ion Lower mass capacity;
cathode baseg on iP;on hosphate (LiFeIP’)E 1) battery explosions and fires); Lower voltage requires more cells in series to make an

phosp ’ + Non-toxic, unlike cobalt; EV traction battery.
+ Lower cost because it does not contain rare metals.
+ Batteries that can take various forms or be placed on
L - . flexible supports; -
Appearing in the early 2000s, Lithium-polymer batteries . . . .. Less efficient;
(Li-Po) use a solid electrolyte (gelled). They are now used on * Lmoe‘:;l‘/:: i\g/illto%;-PO sometimes eliminates the heavy More expensive to produce;
specific models of electrically assisted bicycles and cars. + Safer than Li-ion (more resistant to overcharging and Strict charging rules under penalty of ignition risk.
electrolyte leakage).

+ Energy density is lower than lithium-ion, 110 Wh/kg;
Since 2007, Lithium-Metal-Polymer technology (LMP) has 1 ng;g}j;i?;ﬁgg (er}o risk of explosion); Optimal operation at high temperature (85 °C);
been owned by the French group Bolloré. . 8¢ . No real feedback.

+ No major pollutant in the accumulator composition;

+ No memory effect.
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5.2. Battery Terminologies

The use field diversity of the batteries imposed several characteristic parameters, which

help evaluate the performance of a battery type and select the most appropriate application
field. Most terminologies used to describe the EV batteries’ parameters, characteristics, and
states are listed and described in the following;:

Rated Voltage: the reference voltage of a cell or battery, sometimes referred to as “Nor-
mal” voltage. It is the corresponding voltage at approximately 50% of the battery SOC.
Cut-off voltage: the low voltage limit of a considered fully discharged battery that
varies depending on the battery type and use.

Open-circuit voltage (OCV) is the battery voltage measured at its terminals when it is
not providing any current. The open-circuit voltage depends on the battery SOC and
also on temperature.

Rated Capacity (Cy; (%)): the number of ampere-hours (Ah) that a battery in a single
discharge can provide. The total amount of Ah is available when a battery or cell is
discharged from 100% SOC to the cut-off voltage under the manufacturer’s conditions.
The battery Ah capacity on discharge is determined by several factors: cut-off voltage,
discharge current, type and density of electrolyte, design of separators, battery tem-
perature, battery age, battery usage history, number of electrodes, electrode design,
and electrode dimensions. We can also quantify battery capacity in terms of Wh (or
kWh) [125]. The rated capacity (Wh) is given in Equation (1)

Rated Capacity (Wh) = Rated Capacity (Ah) x Battery Rated Voltage (V) (1)

Charge rate (C-rate): describes the rate at which the battery is discharged from its
total capacity (for example, a 1C rate indicates that a fully charged battery will be
discharged in 1 h) [126,127].

State of Charge (SOC (%)) is expressed as the percentage of the battery’s current
capacity compared to its total capacity. Its equivalent in fuel-powered vehicles is the
fuel gauge. As illustrated in Equation (2), SOC is commonly estimated by integrating
the battery current to quantify the change in the battery capacity over time [128].

Iy

SOC(1) = 50C(ty) — | 350
vio

@

with: [ is the battery current, C, is the battery-rated capacity (Ah), and SOC (f) is the
SOC initial value.

Depth of discharge (DOD) is the percentage of capacity depleted from a fully charged
battery. It is calculated by dividing the capacity discharged from a fully charged
battery by the rated capacity. As seen in Equation (3), the battery depth of discharge is
the complement of its SOC (i.e., as one rises, the other falls) [129,130].

DOD(%) = 100 — SOC (%) 6)

Internal resistance is the total equivalent resistance within the battery, referring to
the ohmic contributions of its many components (collector resistance, electrolyte
conductivity, etc.). This resistance depends on the battery SOC and may vary with the
temperature. In addition, its value differs depending on whether the battery is being
charged or discharged. It's commonly referred to as equivalent series resistance (ESR).
State of Health (SOH) is the maximum available battery charge ratio to its rated
capacity. Therefore, the state of health is an essential indicator for evaluating the
battery’s remaining lifespan and determining the degree of its performance decline. It
can be expressed as follows [131].

Battery Available Capacity

SOH (%) = Rated Capacity

4)
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e  Cycle Life is the total number of charge/discharge cycles that a battery can tolerate
before its capacity is considerably diminished. This feature varies with battery type
and is strongly affected by discharging depth, charging method, and battery tempera-
ture. It should be noted that discharging a battery underneath its cut-off voltage can
considerably reduce its lifespan [132].

All the parameters and features described in this subsection are useful for battery
control and energy management system. However, two parameters are the most used in this
context: SOC and SOH. Therefore, several works have been carried out to estimate these
two parameters. For example, in [133], the obtained theoretical results provide essential
support for battery charge control design and the development of a battery monitoring
framework. In [134], the literature analysis includes almost all BMS states. The estimation
approaches of SOC, SOH, state-of-power (SOP), state-of-energy (SOE), remaining useful life
(RUL), state-of-function (SOF), remaining discharge time (RDT), and state-of-balance (SOB)
are reviewed and discussed systematically. In [135], the authors present an approach to
tracking Li-ion battery degradation and estimate SoH based on electrochemical impedance
spectroscopy (EIS) measures. Distribution of relaxation times (DRT) was exploited to derive
indicators correlated to the so-called degradation modes (DMs), which group the different
aging mechanisms. These indicators were used to model the aging progression over the
whole lifetime, enabling a physics-based SOH estimation.

5.3. Charging Strategies for EV Batteries

The cycle life, performances, and safety of a battery are all significantly influenced
by strategies used to charge and discharge a battery. The most well-known battery charg-
ing/discharging strategies are described in the following [136-138]:

o  Constant Voltage (CV) is a battery charging method that allows a battery to be charged
by maintaining a constant voltage between its terminals. In contrast, the battery
current decreases slowly to zero. Given its simplicity of implementation, this charging
method is used for all battery types. However, its drawback is the high current
absorbed at the beginning of the battery charging operation, which may be controlled
by reducing the CV value.

e  Constant Current (CC) is a charging/discharging strategy for EV batteries. It consists
of maintaining the battery’s current I, constant with a fixed C-rate while the battery
voltage Vj is increasing until the battery voltage reaches its maximum charge value.
Then, the process is ended [43].

e Constant Current-Constant Voltage (CC-CV) is a dual-stage charging strategy for
batteries. It has two phases: a CC Stage and a CV Stage, as depicted in Figure 30.
During the first one, the battery is charged with a constant current I,,¢ (usually between
0.5C and 1C in the case of Li-ion battery) until the voltage battery reaches the full
charge voltage V,,r. In the second one, the battery voltage is kept constant until the
current decreases to the cut-off current (I,), which is usually 0.1C or 0.05C [139].

e  Multi-stage Constant-Current (MCC) is a battery fast-charging strategy consisting of
several constant-current levels. The set C-rate progressively decreases at each CC stage
to minimize the battery’s temperature and charging time [140]. The corresponding
profile is illustrated in Figure 31 [141].

The charging strategies mentioned above and others more recent were described and
compared in many works [142-144].
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Figure 30. CC-CV battery charging strategy profile.
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Figure 31. Profile of the Multi-stage Constant-Current battery-charging strategy.

6. Conclusions

In this work, the current EV battery charging systems were reviewed. Firstly, EV
chargers were classified into several categories (on-board, off-board, inductive, conductive,
dedicated, integrated, single-stage, dual-stage, unidirectional, and bidirectional), and each
option was described. Next, the available topologies of the EV chargers were illustrated,
and particularly, bidirectional EV chargers were highlighted. Next, the most used structures
were presented, discussed, and compared. Then, an overview of the available EV charging
standards in North America, Europe, Japan, China, and other regions was performed. Next,
SAE charging levels and IEC charging modes were presented, and their specifications were
listed. Then, EV charging couplers were shown, contrasted, and reviewed based on the
charging power, charging time, availability regions, and other factors. Particularly, the
SAE J1772 coupler, IEC type 2 coupler, CCS combo coupler, CHAdeMO coupler, GB/T
coupler, and Tesla coupler were reviewed. Future aspects, such as the Chao]i coupler, were
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also presented. Finally, a review of the EV batteries was addressed. First, the most used
battery types in the EV industry were described, and their advantages/disadvantages were
listed. Next, an overview of the batteries’ terminology was performed, and lastly, a brief
description of the well-known battery charging methods was addressed.

In this work, we did not discuss wireless charging systems, dynamic wireless charging
technology, and no more battery-swapping technology. Accordingly, we plan to write
future reviews on these three topics.
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AC Alternating Current

BEV(s) Battery Electric Vehicle(s)

CC Constant Current

CCs Combined Charging System
CHAdeMO CHArge de MOve

Ccv Constant Voltage

DC Direct Current

EV(s) Electric Vehicle(s)

EVSE(s) Electric Vehicle Supply Equipment(s)
G2V Grid-to-Vehicle

GB/T Guo Biao/Tu ™ jjian (Recommended)
IEC International Electrotechnical Commission
PHEV Plug-in Hybrid Electric Vehicle

SAE Society of Automotive Engineers
S0C State of Charge

V2G Vehicle-to-Grid

V2H Vehicle-to-Home

V2X Vehicle-to-Everything
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