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ARTICLE INFO ABSTRACT

Keywords: Electric vehicles require fast, economical and reliable charging systems for efficient performance.
electric vehicle Wireless charging systems remove the hassle to plug in the device to be charged when compared
wireless charging with the conventional wired charging systems. Moreover, wireless charging is considered to be
wireless power transfer environment and user friendly as the wires and mechanical connectors and related infrastructure
inductive power transfer are not required. This paper reviews the methods and techniques used for wireless charging in
capacitive power transfer electric vehicles. First, the general techniques for wireless power transfer are described and explained.
dynamic wireless charging Capacitive power transfer and inductive power transfer which are the two main types of wireless

charging are compared and contrasted. Next wireless charging systems for electric vehicles are
classified and discussed in depth. Both the stationary and the dynamic wireless charging systems are
discussed and reviewed. In addition, a typical model and design parameters of a dynamic charging
system, which is a wireless charging system for moving vehicles, are examined. Control system
functions of a wireless charging system of an electric vehicle are important for an effective and
efficient performance. These are also discussed in the context of better efficiency of power transfer
and improved communication between the transmitter and the receiver side of a vehicle charging
system. Battery is an important part of an EV as different parameters of a charging system depend
upon the battery characteristics. Therefore, different battery types are compared and battery models
are reviewed. Findings of this state of the art review are discussed and recommendations for future
research are also provided.

1. Introduction charged batteries when needed [9]. For example, if a vehicle
can run a certain distance in a single charge with a given
number of batteries, then the travel range can be increased
by using a higher number of batteries. Alternatively, the
vehicle batteries can be swapped with the charged batteries
at charging stations during travel. However, the batteries
have their own set of problems [10]. The batteries have
heavy weight and a high initial cost but short life. Due to
their weight, it may not be possible to carry a large number
of batteries beyond a certain number. Future innovation
in the energy storage devices may help overcome these
problems. However, another possible method to overcome
the problems associated with the batteries is the WPT [11].
For example, heavy and large size batteries can be avoided
and the initial cost can be reduced by using the dynamic
wireless power charging system [12]. Furthermore, the
WPT method is convenient and user friendly as it removes
the hassle of wires and connectors associated with the
manual plugged in charging systems [13, 14].

WPT and its practical implementations are being widely
investigated due to their potential use in a variety of
industrial and engineering applications. Some of the
applications where WPT can be used include EVs, electronic
gadgets [15, 16], industrial plants [17], underwater vehicles

Transmission of power without wires for supplying
power to electrical devices and equipment, and for charging
has been contemplated since the times of Tesla. However,
this was not possible at that time because associated enabling
technologies were not available. A breakthrough to this end
was achieved in 2007 when researchers lit up a bulb from a
wireless power source at a distance of two metres [1]. Much
advancement in this field has been made since this major
success [2, 3]. Electric vehicle (EV) charging is one of the
many other areas where the option of wireless power transfer
(WPT) has good potential and is being actively explored due
to its many advantages [4, 5].

The traditional wired or plug-in charging systems are
also called conductive charging systems. There are a few
problems associated with these wired charging systems. For
example, they require heavy charging wires and connectors.
Furthermore, the charger should be manually connected to
the electrical supply and the device to be charged [6]. The
wired charging system is also not user and environment
friendly [7]. If there is a short circuit or breakdown of the
insulation of the charging wire due to reasons, such as high
temperature, friction with the ground or the charging device

itself, then this can cause an electric shock which can be [18], lighting [19], implanted medical devices [20], solar

Iflatal [j]' To r‘eduge t,hi ?hargllng ume, {a)nd hfer;ce p(?tentlal powered satellites [21], unmanned aerial vehicles (UAV)
azards associated with 1t, a large number of batteries can [22] and smart gri ds [23]. The WPT has also been

be used or the drained batteries can be swapped with the investigated for long distance power transmission in the grid

*Corresponding author [24, 25]. A grid connected wireless power transmission
Email address: fazam@cuilahore.edu.pk (M. Faroog-i-Azam) system has been deployed as well, and is being tested [26].
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Abbreviations

AC Alternating current

BPP Bipolar pad

CcC Constant current

CP Circular pad

CPT Capacitive power transfer

CvV Constant voltage

DC Direct current

DD Double D

DWCS Dynamic wireless charging system
DWPT Dynamic wireless power transfer
EV Electric vehicle

FOD Foreign object detection

GHz Giga Hertz

HTS High temperature superconductors
IPT Inductive power transfer

kW Kilowatt

LCC Inductor-capacitor-capacitor

LCLC Inductor-capacitor-inductor-capacitor
LED Light emitting diode

Li-ion  Lithium ion

LOD Living object detection

LPF Low pass filter

MOD  Metal object detection
NiCad Nickel cadmium
NiMH  Nickel metal hydride

OLEV  Online electric vehicle
PFM Pulse frequency modulation
PP Parallel-parallel

PS Parallel-series

PWM  Pulse width modulator

QDWCS Quasi dynamic wireless charging system
QDWPT Quasi dynamic wireless power transfer

RC Resistor capacitor

RF Radio frequency

Rx Receiver

SAE Society of automotive engineers
SoC State of charge

SP Series-parallel

SS Series-series

SWCS  Stationary wireless charging system

SWPT  Stationary wireless power transfer
Tx Transmitter

UAV Unmanned aerial vehicle

USB Universal serial bus

VCO Voltage controlled oscillator
WPT Wireless power transfer

ZCS Zero current switching

ZPA Zero phase angle

ZVS Zero voltage switching

The reason behind the use of the WPT system in these
applications is that it is safe, easier and flexible. By using
this technique, the battery powered devices can be charged
dynamically. This technique is also favourable during rainy
weather as there are no wires involved and electric shock
hazard is reduced. Additionally, it is adaptable, position free
and enables mobility.

Wireless charging for EVs also uses the WPT and can be
accomplished in three different ways i.e. static or stationary
wireless charging system (SWCS), semi or quasi dynamic
wireless charging system (QDWCS) and dynamic wireless
charging system (DWCS) [27, 28]. In SWCS, the WPT
is used for the charging of a stationary EV. The semi or
QDWCS employs the WPT to charge an EV when a vehicle
stops for a short duration during its travel. For example, an
EV may stop at a traffic signal where WPT is used to charge
the EV. Dynamic charging systems seek to charge an EV
while it is in service and is moving.

In this work, we discuss and review the operating
principles, technology, elements, methods, and various other
aspects related to the EV wireless charging systems through
a thorough study of the related research literature. Some of

the main contributions of this work are listed below.

e A review of the related survey articles along with a
tabular summary has been presented.

e The WPT methods are discussed in general before
delving into the details of EV wireless charging
systems and various techniques used for this purpose.

e SWCS and DWCS are reviewed and summaries of the
developed systems have been presented.

e Design considerations of an IPT based DWCS along
with a typical model have been reviewed.

e Wireless charging system communication and control
with respect to system misalignment and power
control have been discussed.

This state of the art article comprises ten sections.
Section 1 gives a brief introduction to this research study and
Section 2 presents a review summary and main contributions
of the related survey articles that have been published.
In Section 3, general techniques for the electric power
transfer using wireless medium are discussed. In the ensuing
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Section 4, the IPT and the CPT are reviewed and compared.
Section 5 introduces the EV wireless charging. It discusses
the WPT operating principles and reviews the charging
process under different conditions. Section 6 furthers the
subject under study and a review of charging techniques
used in EVs is presented. CPT and IPT charging techniques
and associated topics are reviewed in this section. In
Section 7, wireless charging system control with respect to
communication, efficient power transfer and misalignment
is discussed. Section 8§ discusses EV batteries as many
parameters of a wireless charging system are determined
by the batteries. The review findings and recommendations
for future research are provided in Section 9. The article
concludes with Section 10. The organisation and structure
of this article is illustrated in Fig. 1.

2. Related work

In this section, we provide a review of the related work
in chronological order of the year of publication.

Various aspects of wireless charging systems for EVs
have been studied, reviewed and presented in the literature
since this area of research gained focus a few years ago. A
work in the early days of wireless charging for EVs [29]
reviews different technological solutions. Feasibility of each
possible solution is evaluated considering the limitations
of the cost, available power electronics technology and
consumer acceptance. Coupling theory is reviewed and
its application for WPT using IPT is further discussed.
However, this review is limited in nature, and many
aspects, such as SWCS, DWCS, design considerations,
control and communication are not discussed and analysed.
Another relatively short review in [30] studies near field
inductive power transfer (IPT) using strongly coupled
magnetic resonance for wireless charging of EVs. The
work also reviews multiple pickup control, misalignment
tolerance, shielding methods and simultaneous power and
data transmission. However, this work lacks a thorough
analysis of the reviewed topics. Moreover, CPT and DWCS
are also not reviewed. The authors of [31] review the
technology companies that have developed the wireless
charging solutions for EVs. In addition to this, the authors
review the research laboratories and the universities that are
working in this field and some of their proposed solutions.
The automobile companies that are interested to deploy
the wireless charging systems for EVs and their work are
also discussed. The safety issues and regulations related to
the wireless charging systems are described too. However,
this review focuses only on the feasibility, penetration and
adaptation of the EV wireless charging systems. Many
technical details, such as, different types of charging
techniques, and the IPT and the CPT are not reviewed. The
work in [32] reviews and compares the IPT and the CPT
for the WPT using analytical modelling and empirical data.
The authors conclude that the IPT is preferable for the WPT
if the gap is greater than 1 mm. The power densities of
the CPT and the IPT couplers are nearly identical for air

Wireless charging systems for electric vehicles
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Fig. 1. Organisation and structure of the article.

gaps in the range of 1 mm. However, the CPT may be
preferred for the applications in which the gap is 1 mm or
less due to the large size of coils used in the IPT. On the
other hand, if the gap is larger than 1 mm, the IPT may be
preferred due to its better and larger power transfer ability.
This work compares only the IPT and the CPT for small
gap charging applications, whereas other aspects of the EV
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wireless charging are not considered and analysed. The
review articles discussed in this paragraph were published
in the years 2014 to 2015. These are preliminary studies in
which the basic methods and issues related to EV wireless
charging systems are discussed.

The WPT for EVsis reviewed in [33] from both technical
and sustainability perspectives. The work focuses on the IPT
for the WPT and briefly discusses the coil design for both the
SWCS and the DWCS. Compensation topologies, control
methods and power electronics converters for the WPT are
also discussed. From the sustainability perspective, energy
and environmental assessments are made, and economics,
policy, health and safety issues are discussed and reviewed.
In addition, prospects to enhance sustainable mobility are
also described. This review is, however, limited in nature
as many topics, such as, the charging process, the CPT,
the design parameters, and the magnetic structures for the
IPT are not discussed. The authors in [28] provide an in
depth review of the wireless charging technologies for EVs.
The work provides a comparison of the conductive and the
wireless charging systems, which is followed by a detailed
description of the stationary and the dynamic systems for
wireless charging. Standards related to wireless charging
are listed and reviewed. Issues related to sustainability,
health, safety, economic analysis and social implications
are also discussed in this work. Even though this work
reviews and provides a good insight into many functions
of EV wireless charging systems, it does not discuss the
CPT, battery related issues, and control and communication
aspects of these systems. Another work in [34] reviews
the deployment, operations and commercialisation activities
of the charging solutions. Assignment and allocation of
charging infrastructure, driving range extension and cost and
benefit analysis for wireless charging systems for EVs are
also discussed. This review focuses on systems, operations
and economics of the EV wireless charging systems and
does not discuss technical details, such as, the IPT, the CPT,
the compensation topologies and the magnetic structures.
Wireless transformer structures with different ferrite shapes
are reviewed in [35]. In addition, the SWCS and the
DWCS are reviewed in the light of developments made by
the industry, the universities and the research laboratories.
However, this article does not discuss the charging process,
communication and control related issues of the EV wireless
charging systems. This paragraph has reviewed the articles
published in the period from 2016 to 2018. The work during
this period discusses economics and social implications of
the wireless charging systems in addition to the technical
aspects.

The work in [36] reviews various aspects of an inductive
wireless charging solution in detail. Some of the key aspects
of an EV charging system are reviewed, summarised and
compared. A few of these include coil design, compensation
topologies and communication between the ground and
vehicle assembly. Particularly, the work investigates the
use of superconducting material in the coil design and
its potential impact on a wireless charging system is also

discussed. In addition, standards, health and safety issues
and costs related to EV wireless charging systems are
discussed and reviewed. Even though this work is a detailed
review, it does not cover some important topics related to
an EV wireless charging system. For example, the battery
related issues are not discussed. In addition, the IPT and
the CPT are not compared in sufficient detail. In a relatively
short review [37], wireless charging of EVs using the IPT
with strongly coupled magnetic resonance is discussed.
Various aspects of the IPT, such as, operating principles,
compensation technologies, charging distance, power level
and misalignment tolerance are also reviewed. However,
this review is restricted only to the IPT and associated topics
and many further details of the EV wireless charging are not
discussed. Authors in [38] give a detailed review of wireless
charging systems for high power transfer applications.
Laboratory prototypes and commercial systems for high
power wireless charging are discussed and reviewed with
respect to compensation networks, magnetic pad designs,
power electronics converters, and communication and
control strategies. The work, however, is dedicated only to
the high power wireless charging applications, and therefore
does not discuss topics related to the common wireless
charging systems, such as, the charging process, the CPT,
and the battery related issues. Different technologies used
for the WPT for the charging of EVs are discussed and
reviewed in [39]. After describing various charging modes,
this work proceeds to review the near field and the far field
WPT for the charging of EVs. This review article focuses
on different types of WPT methods and their performance
comparison. It does not discuss some important topics,
such as, design considerations, compensation networks, the
charging pad, communication and control of an EV wireless
charging system. The articles discussed in this paragraph
were published in the period from 2019 to 2021. These
articles present further advancements and detailed technical
reviews of the EV wireless charging technology.

Our current work provides a review of the EV wireless
charging systems with a unique perspective. The general
WPT methods are described before discussing wireless
charging in EVs. In addition, these wireless charging
systems are discussed in the context of both SWCS and
DWCS. Summaries of the stationary and the dynamic
wireless charging systems with quantitative details are also
provided. Furthermore, this work takes a wider view of
wireless charging research. For example, different types
of batteries and battery models are also discussed, as the
batteries are significant when discussing a charging system.
Another unique aspect of this study is the review of the
related survey articles which is presented in this section, and
is summarised in Table 1.

3. Wireless power transfer

In a WPT system, the electrical energy may be
transferred from the source to the destination using near field
and far field transmissions [40]. The medium used for far
field WPT may be acoustic, microwave or optical. For the

Muhammad Amjad et al.

Page 4 of 29



Wireless charging systems for electric vehicles

Table 1
Summary of related review articles and their contributions.
No. of
cited
Reference  Year Title Main contribution references
in the
paper
Overview of wireless power transfer Review of coupling theory and its use for
[29] 2014 technologies for electric vehicle battery the WPT Ping y 40
charging '
Overview of wireless charging  Studies EV wireless charging using IPT
[30] 2014 . . . . 31
technologies for electric vehicles and strongly coupled magnetic resonance.
Electric  vehicle  wireless charging  Companies, laboratories and universities
[31] 2014 technology: A state-of-the-art review of  developing wireless charging solutions are 58
magnetic coupling systems reviewed.
aAndSL;rvz?'/itico;cl \év(;:ﬁle:jfisoioviefr intcgiziif\?er Analytical modelling and empirical data
[32] 2015 . pa are used for the comparison of IPT and 101
and capacitive coupling for small gap L
- CPT for small gap (1 mm) applications.
applications
A review of wireless power transfer for Ei:orzlamdice;SIgZhatorin both Sté::]nzr:sa:i?):
[33] 2016 electric vehicles: Prospects to enhance y - g P 86
. - topologies,  converters and control
sustainable mobility . .
methods. Sustainable mobility.
A comprehensive review of wireless Comparison of conductive and wireless
[28] 2018 omp . . - charging. Static and dynamic charging 180
charging technologies for electric vehicles . .
systems. Wireless charging standards.
Survey of the operation and system  Development and commercialisation
[34] 2018 study on wireless charging electric vehicle  activities. Infrastructure issues, driving 127
systems range extension and economic analysis.
Review of static and dynamic wireless  Transformer topologies, coil shapes.
[35] 2018 . . . . . . 118
electric vehicle charging system Stationary and dynamic charging.
. . . . Coil design, compensation topologies,
[36] 2019 A cr|t_|cal review on wireless charging for communication  aspects. Use of 288
electric vehicles . L . .
superconducting material in coil design.
Review of wireless power transfer (WPT)  IPT with strongly coupled magnetic
[37] 2019 . . - ; . 68
on electric vehicles (EVs) charging resonance. Charging distance.
Advances in  high-power  wireless High power wireless charging systems.
[38] 2020 charging systems: Overview and design ~ Compensation networks, magnetic pads, 274
considerations communication and control.
Wireless power transfer technologies  Charging modes of operation. Near field
[39] 2021 . . . . . - 108
applied to electric vehicles: A review and far field wireless power transfer.
Wireless charging systems for electric Summary of review articles. wWPT
This 2022 ging sy methods. Stationary and dynamic 305

vehicles

charging. IPT, CPT.

near field, capacitive or inductive coupling technique that is
non radiative electric, magnetic or electromagnetic field is
usually used.

Microwaves may be employed for transferring energy
using frequencies in the range of 1 GHz to 1000 GHz [41].
In the optical method, power is transferred by a laser beam
[42]. Both microwave and laser can be used for power
transmission over long distances. However, both require a
clear line of sight between the transmitter and the receiver.
These are potentially harmful to humans and biological life
also. Some work for EV charging using microwave [43, 44]
and laser [45] has also been done. However, these are not
being used commercially [46] as yet.

WPT using mutual coupling is an effective wireless

charging technique [47]. In this method, the mutual
coupling can be capacitive or inductive. Capacitive coupling
employing capacitors forms the basis of the CPT, and the
inductive coupling using inductors results in the IPT. CPT
based wireless charging produces low power levels and the
charging gap is also small when compared to the IPT based
wireless charging [32]. Therefore, the IPT based wireless
charging techniques are considered better and are being used
for commercial deployment [48].

In an inductive coupling based WPT, the current is
produced by means of mutual induction [49]. A pair of
coils is used for the transfer of electrical power. One of the
coils is the primary and may be considered as an antenna
for the transmission of power. The other coil can be thought
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veo | o= | Power | | 1y coil
Amplifier
Load | <— | Rectifier | <<— | Rx-Coll
Fig. 2. Inductive coupling is employed for wireless power

transfer over a short distance. Mutual induction between a
pair of coils is used for the transmission of power. The primary
coil acts as the transmitting antenna, whereas the secondary
coil serves as the receiving antenna.

of as secondary serving as the receiving antenna. A time
varying voltage applied to the transmitter side coil results in
a magnetic field in the near field of that coil. Due to this
magnetic flux, a voltage is induced in the receiver side coil
that is present in the near field of the first coil. This is due
to the mutual induction between the coils. The inductive
coupling based WPT system may additionally be augmented
by a magnetic resonance network between the primary and
the secondary sides [50, 51]. At the resonance frequency,
the coupling wave has its maximum, and therefore, it results
in an efficient power transfer. Performance of the system
may be affected by a number of parameters which include
the operating frequency, resistance, turns of coils and the
diameter of the coils [52]. So, these parameters should
be considered and tuned while using this technique. The
process of inductive coupling based WPT is illustrated with
the help of Fig. 2.

In the IPT technique, the energy is transferred using flux
that is produced by the transmitter [53]. If a large amount
of flux is received by the receiver, then this means that the
coupling between the coils is good. The distance between
the coils has a direct impact on the system efficiency [54],
as it limits the transmission of flux from the transmitter
to the receiver [55, 56]. If the distance between the coils
increases beyond a certain limit, the coupling decreases
and consequently, the working efficiency of the power
transmission reduces.

Of the three methods used for the WPT described in
this section, only the mutual coupling is employed for the
wireless charging of EVs at present [39], and will be the
focus of discussion in the remainder of this article. A
comparison of the aforementioned power transfer methods
on the basis of cost, output power, distance and biological
effects on humans is provided in Table 2 [56, 57].

4. Comparison of capacitive and inductive
power transfer techniques

Both CPT and IPT, which are the two main techniques
for the WPT, have pros and cons. An overview of the
comparison between the CPT and the IPT techniques is
provided in Table 3 [32, 58, 59]. Both these techniques are
further discussed in this section.

While the CPT is suited only to low power systems,
the IPT is considered to be appropriate for both high
and low power applications [32, 60]. As an EV requires
high power in the range of kWs for charging, the IPT
may be preferred over CPT for EV charging applications
[61]. IPT works on the same principle as that of a
transformer. Without a physical connection, the energy is
transferred between the coils. Therefore, mutual induction
and coupling play an important role in an IPT system
[62]. To achieve a good coefficient of coupling, the gap
between the transmitting primary and receiving secondary
coils should be appropriately adjusted.

In a regular transformer, efficient transmission of high
power is not possible by utilising this approach alone.
Therefore, a compensating circuit must be used that provides
high voltages at the input and the output for the transmission
of high power [63, 64]. Based on the combination of
the capacitor and the coil in the compensating circuit,
the IPT can be subdivided into different categories. The
compensating capacitor can be either in parallel or in series
with the coil. Therefore, four combinations are possible
[65]. These combinations are,

e parallel-parallel (PP),

e parallel-series (PS),

e series-parallel (SP), and
e series-series (SS).

Simplicity is the key advantage of this approach. However,
all these combinations do not support all the load conditions
[66, 67]. Efficiency can be compromised by variations in
the load [68]. Moreover, there should be an alignment
between the coil and the capacitor so that the power level
is maintained. To resolve this problem, different methods,
such as, double sided LCC compensation method have been
proposed [69, 70]. In the double sided LCC compensation
method, one inductor and two capacitors are attached on
both the sides. For both the input and the output, the resonant
tank behaves as an energy source using this approach [71],
and the current at the output is not affected by the load
conditions. One of the problems associated with the IPT
technology is related to the coefficient of coupling [49, 72].
When the coefficient of coupling is low, the reactive power
is high, and the efficiency of power transmission is low
[73]. Compensation tank helps improve the efficiency and
reduces the reactive power [74]. As a result, the load and the
coupling coefficient are invariant of the resonance frequency.
This is one of the main advantages of the IPT technology.
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Table 2
Comparison of WPT methods [56, 57].

Microwave Laser

Mutual coupling

It is a costly method

Used for long distance applications Used for both

It is also an expensive method

long and

Relatively cheap as compared to the
other methods

short  Used for short distance applications

distance applications

Harmful for human beings
High output power

This is also harmful for humans
High output power

Not harmful for humans
Low output power as compared to
the other methods

Table 3

Comparison between inductive power transfer and capacitive power transfer [32, 58, 59].

Inductive power transfer (IPT)

Capacitive power transfer (CPT)

Used for both high and low power applications
Magnetic field is used for power transfer

High efficiency

Compensation circuit consisting of inductor and capacitor
is used

Can transfer power at large distance

Installation of system is expensive

Used for low power applications

Electric field is used for power transfer

Low efficiency

Compensation circuit consisting of inductor and capacitor
is used

Can transfer power at small distance

Relatively inexpensive installation

For an efficient transfer of electric energy from the
primary to the secondary side coil in an IPT system, the
frequency should be high [75, 76]. For this purpose, the
low frequency AC current that is supplied by the grid is
first converted into DC. After this, it is changed in high
frequency current by using DC/AC converters [77]. Next,
the power transfer takes place as a result of the magnetic
induction. The voltage induced on the secondary side is
then rectified and converted to DC, and is utilised by the
EV battery [49]. To transfer high power and to achieve
high efficiency, compensation capacitors are used on both
sides [65]. Choice of the compensating elements is made
by taking into consideration the mutual inductance and self
inductance of the coil in case of static inductive charging
[78]. The use of such compensating elements should
be carefully evaluated in the dynamic inductive charging
systems because the inductance value changes with respect
to the motion of the EV [79].

Though the IPT has advantages for charging an EV,
the CPT method is also being investigated for EV charging
[80]. In addition to the consideration for EV charging,
the CPT method is mostly used in low power applications,
such as universal serial bus (USB), lamps and small robots
[81]. The main limitation of the CPT method is that the
transmitted power is low and the distance over which it can
be transmitted is also small [47]. The CPT method can also
be categorised based on the type of the compensation circuit
used. For a series resonant circuit, a series inductor is used
with the coupling capacitor. The capacitance is usually large
as compared to the inductor [82]. Another method in CPT
is the use of class E converter. However, its power and
efficiency are limited due to the high frequency converters
[83]. For the transmission of capacitive power, PWM

converters are used. Other topologies are also possible, such
as LCLC in which two inductors and two capacitors are used
on both sides [84]. However, there is a loss of power due to
a leakage electric field in case the air gap is large.

5. WPT systems and charging in electric
vehicles

The WPT systems used for the wireless charging can be
divided into the following three categories with respect to
the state of motion of the EV,

(a) Stationary WPT (SWPT),
(b) Semi or quasi dynamic WPT (QDWPT),
(¢) Dynamic WPT (DWPT).

With the SWPT, a stationary EV is charged using the WPT.
When compared to the plug in wired charger, the SWPT is
different only in the wireless transfer of energy [85]. The
SWPT is efficient in urban areas where the stations may be
installed for EV charging. In the SWPT system, two pads
are used [86]. One is for receiving, installed on the vehicle
and the other is for transmitting, installed on the charger
[87, 88]. The QDWPT is used for short term charging, and
that is why it may be installed at the bus and the taxi stands
[89]. Temporary stops at traffic lights can also be used to
energise EVs by this system [90]. In a DWPT system, the
electrical energy is transmitted to an EV using a wireless
medium while it is in motion [91]. There is no need to stop
and wait for the charging of the vehicle.

Each of the SWPT, the QDWPT and the DWPT can
be achieved by using either the IPT or the CPT [92].
Commercial scale deployments, at present, use the IPT due
to its higher power transfer ability with a larger gap between
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Fig. 3. A general depiction of a wireless charging system for an
electric vehicle. There is an air gap between the transmitting
and the receiving sides, and the power transfer between the
two sides is due to the coupling between them.

the transmitter and the receiver when compared with the
CPT [93]. However, the IPT implementations of the SWPT,
the QDWPT and the DWPT involve large copper coils with
ferrous cores which make the system bulky and heavy. On
the other hand, CPT based prototypes and implementations
[82, 94, 95, 96] use simpler structures involving plates and
foils. The resulting charging system is not only lighter, but
also cost effective. However, power transfer levels are lower
and the air gap is also quite small. Due to the simplicity
and cost effectiveness, research is underway [80, 97, 98]
to overcome these shortcomings of the CPT based SWPT,
QDWPT and DWPT charging systems.

5.1. WPT operating principles

The basic principle of operation of a WPT system for
an EV is depicted in Fig. 3 [89, 99, 100]. Transmitter
and receiver are the two basic modules of this system. The
transmitting i.e. the primary, and the receiving i.e. the
secondary coils are coupled and there is an air gap between
these coils [99]. Power conversion circuit is installed on
both sides. The primary coil is energised by the grid by
using a diode rectifier that is connected in series with an
inverter. The operational frequency of the inverter is high
[101]. The inverter, the rectifier and the grid are used for
setting up of the power supply to the primary coil [102].
This power supply is equivalent to that which is provided by
a power source with a voltage V; and an internal resistance
R, [99]. One of the main parameters for the energy transfer
is the voltage provided by the power source or the generator.
Therefore, selection of the generator is also important, which
should provide a sinusoidal output.

The voltage induced by the secondary coil is fed to a
rectifier circuit which is connected in series with a DC to
DC converter [103, 104]. The output is provided to the
battery charging circuit. The output voltage and the current
can be adjusted according to the charging requirements of
the battery [101]. The load R; on the secondary side is
connected by rectifier, chopper and battery [99]. Mutual
inductance is affected by a variation in the air gap that
exists between the two coils. If there is a large air gap
between the coils, then a small mutual inductance will be

produced and there would be a large leakage inductance
[24]. Consequently, a large current is required to transfer
a specific amount of power. Losses will be induced due
to this large current. These losses will, in turn, affect the
efficiency of the system. A compensating capacitor is used
to alleviate this problem [105, 106]. By using this capacitor,
there would be only resistive part in the topology. This
results in the reduction of losses that are produced by the
circulating current. As a result, the efficiency of the system
is improved.

5.2. Charging process

The charging process of the EV batteries involves two
modes. In one mode, the charging current is constant and
the charging voltage is allowed to vary. It is referred to as
the constant current (CC) charge. In the other mode, the
charging voltage is kept fixed and the charging current is
allowed to change. This is referred to as the constant voltage
(CV) charge [107, 108]. At the start of the charging process
of a drained battery, the CC mode is used. The charging
current is usually kept at almost 10% of the battery rating.
As soon as the battery SoC reaches near its rated capacity,
say 80%, the CV mode is then used for charging the battery.
This ensures a smooth charging process without overheating
and damaging the battery, though it may require a longer
period of time to charge [109]. If the CV mode is used
to charge a drained battery at the beginning, then a heavy
charging current may result which may overheat or damage
the battery. Therefore, the CV mode is usually not used
when a battery is charged to less than 80% of its full capacity.
Similarly, if the CC mode is used to charge a battery near
the rated capacity, then it may result in overcharging the
battery, which may also overheat or damage it [107]. The
fluctuation of the current and the voltage decreases the
battery life. If the load varies during the charging process of
the batteries, thereby resulting in a change of its SoC, then
the CC and the CV modes can be used as needed to maintain
an efficient charging process. For constant duty converters,
two modulation techniques can be used to deal with the load
variations [110, 111]. In pulse width modulation (PWM),
the frequency is constant while the pulse width is varied.
In pulse frequency modulation (PFM), the width of the
pulse is constant while the frequency is variable. Instead
of using a single modulation technique, both PWM and
PFM can also be used [110]. In the PWM control, the
switching noise can be predicted as the frequency is fixed.
Therefore, the filtering process is easier [112]. On the other
hand, the number of switching operations also remains the
same due to the constant frequency irrespective of heavy
or light load. Hence, the self consuming current is also
fixed, which leads to high switching losses at light loads
thereby reducing the efficiency [113, 114]. In the PFM
control, the frequency increases when the load is heavy
and it decreases when the load is light [110]. As the
switching frequency decreases under light loads, the number
of switching operations also decreases. This also decreases
the switching losses. However, noise filtering in the PFM is
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Fig. 4. An EV can be charged using wired or wireless methods.
These techniques are divided into further categories depending
upon the level of charge or the charging methodology.

difficult due to variation in the frequency [112]. Therefore,
for heavy loads and loads with small variations, PWM is
preferable [115]. For light loads and loads with significant
variation, the PFM technique may be used, as a change in the
frequency is unavoidable for operation with a changing load
[116]. Due to this variation, the converter would need more
work for regulating the current. Furthermore, the voltage
may not remain stable and, as a result, zero voltage switching
(ZVS) operation will be affected [83, 84]. The same is true
for the current, thereby affecting the zero current switching
(ZCS) operation [117]. Power transfer capacity and power
loss can also be affected. However, variation in the battery
voltage does not affect the resonance circuit. Misalignment
also has negligible effect on resonance due to self inductance
of the coils. Therefore, it is appropriate that the batteries are
charged using the CC charging mode when the SoC drops
well below the rated capacity due to load variation [107].
The input power factor of the inverter and the efficiency can
be improved by using this method.

6. Electric vehicle charging techniques

The techniques used for the charging of an EV may
be broadly categorised as wired or wireless. The wired
conductive charging may be further subdivided into three
different levels, which are level 1 (L-1), level 2 (L-2) and
level 3 (L-3) [118, 119]. Likewise, the wireless charging
techniques may be divided into two main categories, which
are, the CPT and the IPT. The IPT is considered to be
the preferred technique for wireless charging as compared
with the CPT method [32, 60, 61]. The wireless charging
techniques may also be subdivided into the static and the
dynamic methods [86, 91]. These different techniques and
their further division are shown in Fig. 4 [32, 86, 118].

6.1. Capacitive power transfer technique for
charging

In a CPT system, the electric power is transferred using
an electric field. When passing through the electrically
isolated metal barriers, the electric field shows only small
power losses [120]. Therefore, it is considered suitable for
the charging of EVs [80]. Transmission of power is done by
using the capacitors. These capacitors are formed by using
metal plates that are cheaper. For example, the aluminium

plates can be used as these are good conductors, have light
weight and are low cost.

The alignment of the vehicle and the charging pad is
important in a charging system. If there is a misalignment
of position, detuning cannot be avoided in the CPT charging
method [121]. The structure of a CPT charging system
is simple, as metal plates are used instead of coils. Two
capacitive couplers for the transmission of power are
formed using four metal plates. These plates are placed
horizontally and vertically depending upon the application.
The CPT wireless charging system is suitable for short
distance applications which typically require low power
[122]. Usually, the distance is as small as 1 mm, which
limits the applications of the CPT charging system [32].
In addition to the EV charging, some of the additional
applications include, robot charging, light emitting diode
(LED) driver, and excitation of synchronous motors [81].

The circuit topologies employing coupling capacitors in
a CPT system are a cause of the distance limitation. A CPT
circuit topology is classified either as a resonant topology or
a non resonant topology [69]. The non resonant topology
uses the PWM for the conversion. To supply smooth power
to the circuit, a coupling capacitor is used as a power storage
component. In a resonant topology, class E converter and
series resonance converter are used [123]. A compensation
circuit is used in which the coupling capacitor resonates
with an inductor [97]. As a result, the coupling capacitance
can be reduced while the resonant inductance and switching
frequency are high. However, self resonant frequency limits
the inductance and efficiency, whereas power capability
of the converter limits the switching frequency. Another
limiting factor of this topology is that it is sensitive to
parameter variation which may be caused by misalignment.

6.2. Inductive power transfer technique for
charging

A typical IPT system may be subdivided into two main
parts i.e. the primary side, which transmits power and the
secondary side, which receives power. In an EV charging
system using the IPT, the primary side of the IPT system
may be placed on or under the road while the secondary side
is mounted on the moving vehicle [124, 125]. Primary side
transfers power to the secondary side. The power source is
mainly application dependent or the power requirements of
the device used. If the device being charged is power hungry,
then a single or three phase system can be used while on
the other hand if the power requirements for the device are
small, then small batteries can suffice [126]. To convert low
frequency to high frequency, an inverter is used [127]. The
power transfer between the primary coil and the secondary
coil of an IPT system takes place due to the mutual coupling
between the two coils.

A physical contact between the EV and the charger is
not required in an IPT system, as coupling technique with a
small gap between the coils is used for the wireless transfer
of power. Therefore, the IPT is considered to be the prime
method for the wireless charging of an EV [32, 60, 61, 128].
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The working principle of an IPT system is the same as that
of a transformer, as electromagnetic induction is used for
the transfer of power from the transmitting primary coil to
the receiving secondary coil [129]. An IPT system may use
resonance for an efficient power transfer [130]. The IPT
provides a convenient charging process as it does not need
any physical connection [131]. Charging can be done while
the EV is steady or in a state of motion [35, 132]. The design
of magnetic structures is of prime consideration in an EV
charging system. Shapes and sizes of the materials that are
used in the designing of magnetic structures are the prime
parameters for the determination of coupling and magnetic
flux leakage between the coils [133, 134]. The power
transfer capability can be directly influenced by the magnetic
coupling. Leakage may result if the coupling is not optimum.
The leakage flux is that magnetic flux which does not take
part in the power transfer in an IPT system. International
Commission on Non Ionising Radiation Protection has a
guideline that the leakage magnetic flux density should not
be more than 27 micro Tesla (uT) when exposed to human
beings as it is harmful beyond this threshold [135].

6.2.1. Static charging

All EVs have battery related problems, such as, heavy
weight, high cost, long charging time and short driving
range. The arrangement of a large number of available
electric chargers on a route can be viewed as a reasonable
methodology to alleviate this problem [136, 137]. Wired
chargers are fixed, and therefore, a vehicle has to stop at
a charging station for the purpose of charging. Moreover,
the mechanical connectors should be maintained routinely.
Handling the wires and the mechanical connectors is
dangerous especially in wet and dry conditions [138]. These
issues can be resolved by adopting a wireless charging
system. In a static wireless charging system, an EV still has
to stop for charging, but there is no hassle of maintaining and
connecting mechanical connectors.

To charge an EV using the IPT static wireless charging
technique, the vehicle is parked on the charging pad at
a charging station. The vehicle or the battery need
not have a physical connection with the charging system.
Misalignment between the assembly installed on the EV
and the charging pad is acceptable to a certain degree
[139, 140, 141]. This technique is appropriate for shopping
malls and offices as the vehicle is parked for a specific time
interval. Large battery pack is required in this technique
as previously seen for conductive charging systems [142].
Dynamic charging system helps to overcome the problem
of large battery [35, 143]. A summary and comparison of
various static charging technologies is provided in Table 4.

6.2.2. Dynamic charging

Dynamic wireless charging is an ideal candidate for
the WPT methodology, as this allows the vehicle to be
charged while it is in motion. This also increases its
travelling range [171], saves driver and passengers’ time
and improves their safety. The maintenance costs are also

reduced, as the mechanical connectors are no more needed
for charging [172, 173]. Roadway powered EV is one way
to employ dynamic WPT. With this method, the EV is
charged dynamically by the WPT and does not require a
long time for charging. By using this technique, the public
transport can be charged even on stops when the passengers
get down or board the bus or taxi [174]. This idea can
also be used on highways. Certain paths can be consistently
powered to charge EVs [175]. This will reduce the size of
the battery pack, initial cost, complexity and weight of the
vehicle. Range also increases by the use of this technique
[176]. Two types of magnetic couplers are used for dynamic
charging [177, 178]. In the first type, a single longitudinal
coupler is laid down while in the second type, the coupler
is divided into segments. The segmented coupler is more
advantageous as compared to the longitudinal coupler [179].
In the segmented coupler approach, only that segment is
energised where the receiving system of the vehicle is
currently present. This helps reduce power losses [180]. The
challenges involved in this technique are high initial cost,
installation is to be distributed possibly along highways and
complex management for scheduling. This technique is still
being developed and only a few dynamic charging systems
are available. A summary of various dynamic wireless
charging systems is provided in Table 5.

A commonly used wireless charging system is proposed
in [181], which is based upon the IPT mutual inductance
model. In the mutual inductance model, a two port network
is obtained by transforming the T type transformer. It is
the most commonly used and simple model. Likewise,
in [69], a double sided LCC compensation technique is
proposed. In this technique, the transmitting and the
receiving sides use external capacitors and inductor. This
technique is not affected by the changing voltage of the
battery in battery charging applications [182]. This is
possible due to the resonant circuit. In this technique,
unity power factor is achieved and, therefore, it has high
efficiency. In [71], a topology which uses the CC and the
CV charging modes with double sided LCC technique is
proposed. Flaws of the IPT charger can be overcome by
using this technique. Another model to dynamically charge
an EV is proposed in [183]. This model is described and
discussed in Section 6.2.2.1 as a typical example.

One of the major disadvantages of dynamic wireless
charging is low efficiency [184, 185]. For the purpose of
high efficiency of power exchange, various systems have
been proposed, such as, compelling pickup tuning, pickup
voltage strategies, proficient pickup modules [186, 187] and
resonant inverters [50] for wireless power exchange.

6.2.2.1. A typical model of electric vehicle dynamic
wireless charging system

Some of the key elements of a DWCS for an EV are the
power track and the battery. A major part of the economic
expense of a DWCS is also due to these two elements
[188]. Therefore, the battery and the power track should
be optimised and a special consideration should be given
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Table 4

Stationary wireless charging systems for electric vehicles.

Wireless charging systems for electric vehicles

Power

Frequency

Air gap

Efficiency

Organisation Year Vehicle type (KW) (kHz) (mm) (%) Reference
. . 1997 Golf car 20 30 50 90 [144]
EJJ(')‘Z’;S'W of Auckland 50, Mini bus 60 30 30 90 [145]
2010 Car 3 30 200 85 [146]
2009 Golf bus 3 20 10 80 [147]
KAIST 2014 Car 15 20 180 80 [148]
2016 Prototype 3.3 90 200 96 [149]
2010 Car 3.6 85 100-250 90 [150]
WiTricity Corporation 2010 Car, SUV 7.7 85 100-250 90 [151]
2019 Car, SUV 11 85 100-250 90 [151]
Conductix Wampfler 2010 Bus 20 20 - - [152]
2010 Car 3.6 85 160-220 90 [153]
Qualcomm Halo 2010 Car 7 85 160-220 90 [153]
2017 Car 20 85 160-220 90 [153]
2011 Car 3.3 19.5 100 90 [154]
Plugless Power 2013 Prototype 3.6 19.5 100 90 [155]
2016 Car 7.2 19.5 100 90 [156]
2012 Prototype 3.3 19.5 100-160 90 [157]
Oak Ridge 2013 Prototype 6.6 19.5 100-160 80 [158]
National Laboratory 2014 Prototype 10 19.5 100-160 89 [158]
(ORNL) 2018 Prototype 50 88.5 150 95 [159]
2018 Prototype 120 88.5 152 97 [160]
2013 Car 3.6 20 10 - 30 85 [161]
Bombardier Primove 2013 Car, SUV 7.2 20 10 - 30 85 [161]
2014 Car, SUV 22 20 10 - 30 85 [161]
2014 Bus 200 20 10 - 30 85 [161]
. 2014 Car 7 : 170 - [162]
Toshiba 2017 Bus 44 85 100 - [163]
Wuhan University 2017 Prototype 6 100 300 81 [164]
WAVE 2019 Bus 50 ; - ; [165]
- Bus 50 : 130 92 [166]
IPT Technology - Bus 100 - 130 92 [166]

to these two elements while designing a dynamic charging
system [184]. An online electric vehicle (OLEV) system
uses dynamic wireless charging to charge the vehicles while
they are in motion [91, 183]. The following conditions are
defined for the operation of this system:

e To serve passengers on a defined route the same
OLEV buses are used.

o Speed of the bus and the driving cycle are predefined.
e When a bus is not in use, it is parked at a bus station.

e Once a bus completes its driving cycle, it stays at the
bus station for charging. The interval is called the
resting or dwell time.

These rules are defined on the basis of the OLEV system
model [189] that was implemented in an actual city.

6.2.2.2. Design parameters of a dynamic charging
system

As discussed in Section 6.2.2.1, the battery and the power
track are the key design components of a DWCS. The
vehicles that are used in the OLEV system [183] have the
same battery size and let it be represented by E, .. Total
length of the power track should also be known. This is
required to find the number of tracks that need to be laid on
the route and the length of each track [189]. The base station
in this system is used as a point of reference, and the distance
travelled from the base station is represented by x. The first
point, which is the starting point of the track is represented
by x} and the last point which is the end point is represented
by x7. The first point and the last point of the system may be
the same base station. In this case, the distance at the start
i.e. the first point is described by x = 0, and the distance at
the end point is described by x = L. These are actually the
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Table 5
Dynamic wireless charging systems for electric vehicles.
— Power Frequency  Air gap Efficiency
Organisation (kW) (kHz) (mm) (%) Reference
3 20 10 80 [167]
6 - 170 72 [168]
KAIST 17 - 170 72 [169]
62 - 130 74 [148]
100 - 200 75 [148]
UoA 20 15 500 85 [145]
ORNL 20 20 150 90 [157]
IPT Technology 180 - - 90 [170]

distances from the base station [189]. A service is defined
as one circular trip of the vehicle. There are a of total N
number of power tracks so thati = 1,2, 3,...N. To keep the
total cost of the system to a minimum [183], the length of
the charging track given by the end points (x}, x7), and the
size of the battery, E,,,, should be optimised. A method for
the economic analysis of this problem is provided in [183].

6.2.3. Charging pad

Transmitting pads, whether single or multiple, can be
energised by a single power supply in both SWPT and
DWPT. Multiple power supplies are not necessarily needed
for multiple transmitting pads [190]. There are different
types of structures of charging pads, such as, circular,
rectangular or double D coils [191, 192]. Various types of
materials are used for the construction of coils. Copper is a
commonly used material, but other materials are also being
tested [193]. High temperature superconductors (HTS) are
suitable due to their properties [194]. A single transmitting
pad is used by SWPT, while in DWPT, there are other
possibilities too. For example, a single long rail or multiple
transmitting pads can be used for the charging of an EV
[195]. There are pros and cons of both the methods. A long
rail can help reduce the number of components and control
difficulty [179]. The advantage of using a long transmitting
rail is that when an EV comes in the near field of the rail,
it provides constant power and current to the EV. However,
cost of the components increases if the rail is energised by
a single power source [196]. Moreover, this also results in a
system with a single point of failure, and the entire system
would shut down if there were a problem at a single point.
As a result, the reliability of the system is compromised.
Furthermore, if there is a significant difference between
the size of the EV and that of the rail, then this results in
decreasing the coupling between the two. Hence the system
becomes inefficient [4]. The coupling can also be affected by
the air gap and the coil distance. There is an inverse relation
between the distance and the coupling. The size of the coils
also matters. Similarly, if there is a large difference in the
primary and the secondary coil sizes, then again this results
in a small coupling between them.

Contrary to this, if more transmitting pads are used, then

more power supplies, high frequency inverters and a large
number of components are used in the topology. However,
this topology has redundancy, and is more reliable as the
single point of failure is avoided [4, 197]. If a fault occurs
in a system, the system may still function. Moreover, an
efficient use of switching can decrease the number of active
components. As multiple transmitting pads are used in this
system, only that transmitting pad can be switched on where
EV passes, and all the remaining pads can be switched
off. This will result in enhancing the required coupling
and lowering the electromagnetic radiation [195]. However,
this topology increases the cost, and the system complexity
would also increase. The spacing between the pads is
also an important parameter in this system, which requires
optimisation. If the distance between the consecutive pads
is too small, then unwanted coupling may develop between
the pads thereby leaking energy [198]. If the distance
between the pads is too large, then this reduces the undesired
coupling, but the power cannot be transferred continuously.
This also results in a negative effect on the grid network.

The magnetically coupled coils of an inductive WPT
system behave as a transformer, and the air gap between
these coils results in a high leakage inductance [199]. For
this reason, they are called loosely coupled coils. To enhance
the system efficiency, these coils are usually used along with
capacitors so that a resonant circuit is achieved. Series and
parallel combinations of capacitors and inductors may be
used for this purpose [87]. The compensating circuit is
connected between the inverter and the primary coil on the
transmitting side, while it is connected between the rectifier
and the secondary unit on the receiving side. The main
purpose of using the capacitors along with the inductors is
to optimise the reactive power.

6.2.4. Magnetic structures for the IPT system

Many designs of magnetic structures [193, 200, 201]
have been developed by researchers for the IPT charging
system. Some of the widely used magnetic structures for
the charging of an EV are,

e bipolar pad (BPP),

e circular pad (CP), and
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e double D (DD).

For the operation of single phase mode, CP and DD magnetic
structures are used as the primary pads [202]. The number
of phases in the magnetic structures are determined by the
number of coils that are used in them [203]. Different types
of magnetic fields can be produced by different arrangements
of the magnetic structures. The magnetic field produced as a
result of the CP structure is directed outwards from the centre
of the coil, whereas it is generated in the direction of one axis
of the pad in the DD structure [202]. To produce magnetic
field on a single side, ferrite is used underneath the coils
in CP and DD structures. This results in the improvement
of the coefficient of coupling between the transmitting and
the receiving coils. In the CP structure, the magnetic field
scatters. As a result, there is a small leakage magnetic flux
[204]. Moreover, when the secondary is not aligned well,
then this results in lowering of the coupling factor.

In a DD structure, the coil is wound such that two
magnetic poles of opposite polarity are created [133].
This results in concentrating the magnetic field in the
space between the poles. Consequently, the tolerance to
misalignment and magnetic coupling is better in comparison
with that in the CP structure [203]. However, the magnetic
flux leakage is higher in DD as compared with the CP
structure. In BPP, there are two mutually decoupled coils.
By changing the phase and the magnitude of the primary
currents, these can be used in many different modes [205].
In BPP, the currents that are used for driving the coil are
in phase or out of phase by 180° so that magnetic field
equivalent to the CP or the DD can be generated respectively
[124]. To generate a different magnetic shape, it can operate
out of phase at other angles rather than 180°. Due to the
ability of phase variation and ease of switching, the BPP is
a suitable candidate because performance can be improved
by switching the modes.

6.2.5. Circuit for inductive wireless power transfer

An inductive WPT can be modelled using an equivalent
electric circuit [65]. Such an equivalent model circuit is
shown in Fig. 5. Self inductance of the primary coil is
represented by L and for the receiving coil it is represented
by Lz. The mutual induction is denoted by M and the
resistance of the source is designated as Rg. The load is
denoted by the resistance R; . The coefficient of coupling, k,
between the primary and the receiving coils is an important
parameter, and is given by,

\Y% LTLR '

Voltage equations of the transmitting and the receiving
coils are given by,

VS = ZTIT +JC()MIR,

: @

Transmitting and receiving impedances are represented by

Zr and Z g respectively. These impedances are given by,

. (€)]
Zgp =R, + joLg.

Angular frequency of V; is represented by w. The quality
factors of the transmitter and the receiver coils are given by,
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6.2.6. Compensation requirements

For an adequate amount of power transfer to the load,
secondary capacitors are required in an IPT system. If the
secondary capacitors are not used, then the input voltage
should be large enough, which is not desirable [206]. As
the secondary coil has large impedance, the current on the
load side is small. A possible solution to this problem is the
increment in the input voltage. This will result in an increase
in the efficiency of power transfer to the load. However, this
will also result in a large amount of current in the primary
coil. As aresult of this, there would be more energy loss and
thus overall efficiency will be reduced [207]. Therefore, it is
not a feasible and optimal solution.

Self inductance of a coil represents its capability to
produce magnetic flux intensity for a given value of an
applied current. For good magnetic flux intensity, coils
which result in a high quality factor are used [208].
Similarly, capacitors which result in the highest quality
factor of the resonant circuit are used on the transmitting
primary and the receiving secondary sides [209]. Current
amplitude is decreased by reducing the reactance of the coils.
Consequently, the power transfer efficiency of the WPT
system increases and it is at its maximum at the resonance
frequency. At resonance, there would be energy interchange
between the capacitor and the inductor coil. Therefore, only
a small amount of energy is needed to sustain the oscillations
[69, 206]. The capacitors are required not only for maximum
power transfer, but also for the CC and the CV operation
and to obtain ZPA [210]. These capacitors act as storage
for reactive power which is supplied to or received from the
primary and the secondary coils.

Rs It M Ig |
VR

Vs Lt Lg RL

Fig. 5. An inductive wireless power transfer system can be
represented using an equivalent circuit.
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Fig. 6. AC equivalent model of IPT method (a) parallel-parallel (b) parallel-series (c) series-parallel (d) series-series.

6.2.7. Topologies

The four IPT topologies that are categorised based
on the connection of the capacitor with the coil and
described in Section 4 are discussed and analysed in this
section for their suitability in battery charging applications.
These four frameworks [65] as described in Section 4,
are (a) parallel-parallel (PP), (b) parallel-series (PS), (c)
series-parallel (SP), and (d) series-series (SS). Their AC
equivalent models are shown in Fig. 6.

Let the leakage inductance of the primary side coil be
represented by L, and that of the secondary side be denoted
by L. Similarly, let C, represent the capacitance of the
compensation capacitor on the transmitting side, and let C,
denote the capacitance of the capacitor on the receiving
side. The magnetising inductance is represented by L,,. The
resonating frequency [211] which attains the condition of
zero phase angle (ZPA) in the SS topology is given as blow:

1 1
fr= = ) &)
2z\/L,C, 2my/L,C;
where,

Li=L,+L, (©6)
is the self inductance of the transmitting coil. For the
receiving coil, it is given by

L2 = Lm + LS’ (7)

If the capacitances, C, and C,, of the compensation
capacitors are appropriately sized, then the self inductances
of both the transmitting and the receiving coils are
compensated. Therefore, the output current is not affected
by the load conditions and is independent of the load. Hence
operating at the resonant frequency, f,, the input impedance
becomes zero. By achieving the ZPA condition, the CC
operation is possible. From (5), it can be seen that there are
two resonating frequencies, where output voltage does not
depend upon the load i.e. CV operation.

In the CV mode, the operating frequency should be high.
As a result of the high frequency, the resonant tank will
operate in the inductive region [212]. Hence ZVS condition
can be achieved for the operation of primary switches.

1 1
" 2yLG,  2wyIG,

The converter is not required to be operated at the frequency
f., because there are some problems related to this
operation. As an example, when there is a light load, the
phase of the input impedance is large. As a result of this,
there is a high turn off current. Therefore, the efficiency is
compromised and the switching losses increase. Meanwhile,
the power transfer capability is decreased and there is an
increment in the conduction loss due to large reactive power.

Like the SS topology, the CC or CV modes can be
operated by using the SP topology as well [207, 213]. In
this technique, the ZPA condition can be achieved when

fev
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it operates as a voltage source independent of the load
[214]. However, when it operates as a CC source, then
its input impedance becomes inductive. Therefore, while
operating in the CC mode, this topology cannot achieve the
ZPA condition [65]. As compared with the SS and the SP
topologies, the PS topology only operates in the CV mode,
and the CC mode cannot be implemented in it. On the other
hand, the CC mode is implemented in the PP topology but
it does not support the CV mode [105]. An overview of the
comparison of these four IPT topologies is given in Table 6
[65, 214]. From Table 6, it can be observed that, it is not
possible to achieve both the CV and the CC modes with ZPA
condition from one of the above topologies.

7. Wireless charging system control

7.1. Wireless charging system efficiency

To achieve an efficient and effective EV wireless
charging system, some key aspects should be taken into
consideration [215]. An EV wireless charging system is
designed such that the maximum operational efficiency is
obtained irrespective of the increase or decrease in the
load and the coefficient of coupling due to misalignment
or variation in the air gap [206]. Maximum efficiency is
achieved due to factors which can be categorised in three
groups [216]. First group deals with the change of the
load. Impedance matching techniques are used to obtain an
optimum impedance [217]. Active and passive impedance
matching techniques are used for this purpose. Passive
elements i.e. capacitors and inductors are used in the passive
impedance matching, while in the case of active impedance
matching DC-DC converters are employed to match the
load [218, 219]. The second group deals with the output
control including frequency control and variation in the load
[220, 221]. The third group deals with the input power
control [222]. The input reactive power is minimised so that
the efficiency of the system is increased. The output voltage
should remain the same.

The system efficiency is also affected by the coupling
coefficient [200]. Techniques have been suggested so that
the maximum tracking efficiency is obtained with output
voltage control and load variation [223, 224]. For example,
in the WPT systems, multiple pads can be employed on the
primary side. This is named as two step tracking method

Table 6
Comparison of IPT topologies.

Topology Mode of operation ZPA
PP CcC Yes
PS cv Yes

CC No
SP cv Yes
CC Yes
55 cv No

[225]. By using this technique, the primary current ratio and
the secondary load impedance are optimised. For maximum
system efficiency, the ratio and the direction of the current
in the transmitting side primary coil may also be modified.
To increase the WPT system efficiency, improved design
of pads, compensation networks and control strategies have
been proposed [69, 124, 65]. In WPT systems, power
efficiency and energy efficiency are treated as two different
terms. Power efficiency is that which is measured at
any given time when there is an alignment between the
transmitting and the receiving coils. Energy efficiency is
measured for a specific time period [226]. Efficiency of the
system can also be increased by timely switching on and
switching off the primary pads.

7.2. System misalignment

The efficiency of power transfer in an IPT based
WPT system is dependent upon the coefficient of coupling
between the transmitter and the receiver coils [203]. If there
is an increase in lateral misalignment, then it decreases the
mutual inductance. As a result, the transmitted power and,
hence, the charging system efficiency decreases [223]. For
different driving conditions, lateral positions of vehicles in
the desired lane should be tested in the case of DWCS.
It has been suggested that the lateral misalignment can
be treated as a random variable with normal distribution
[227]. Therefore, given the speed of the vehicle v, and
knowing the test results, the standard deviation s can be
calculated using the normal distribution [228]. Some work
on the lateral misalignment of vehicles has been done and a
few techniques to improve the system efficiency have been
proposed [203, 124]. These techniques involve adaptive
impedance matching circuits, different pad structures, three
coil detection system and two dimensional coil position.
Frequency control can also play an important role to improve
the system efficiency.

7.3. Power control

Some research work has been done for the development
of the control methods to regulate the battery charge profile
in a WPT system [212]. The proposed methods can be
categorised into primary, secondary and dual sided control
[229]. The primary pad current is utilised for the control of
the power flow on the primary side. Some information and
parameters are sent by the secondary side to the transmitter
side by means of a wireless communication system for
the primary side control [230]. These parameters may
include current, battery voltage, and the SoC. A wireless
communication system can also be employed for sending
information about the charging process, detection of the
vehicle and to regulate the battery charging profile. The
latency of the wireless communication system should be
considered while designing the control system for the
wireless charger.

By active rectification or by adding the DC/DC
converter, the charging current on the secondary side can
be controlled [231]. The secondary converter and the full
bridge inverter should be controlled at a time using the dual

Muhammad Amjad et al.

Page 15 of 29



Wireless charging systems for electric vehicles

side control [232]. To achieve this, the communication link
between the two sides should be fast and reliable [233]. For
the stationary WPT systems, this dual sided control [234]
has been implemented whereas the communication speed
and reliability are the bottlenecks for the dynamic WPT
systems.

7.4. Communication

The communication between the primary and the
receiving sides is an important consideration in EV wireless
charging systems [235, 236, 237]. Security and reliability
of the system are dependent upon the time that is taken for
the data exchange between the transmitting and the receiving
sides. Some parameters that are important and play a
role for the optimum communication are minimum delay,
short to medium range coverage and the need to support
multiple vehicles [206]. Some communication techniques
for EV wireless charging systems have been discussed
in the literature, such as, those proposed in [233, 238,
239]. The other communication options include short range
communication standards and protocols, such as, Wi-Fi, i.e.
IEEE 802.11, Bluetooth, i.e. IEEE 802.15.1 and Zigbee, i.e.
IEEE 802.15.4.

In this section, we have discussed the aspects related to
the wireless charging control of EVs. System misalignment
is an important consideration which affects the wireless
charging system efficiency. Power control is used to
maintain the charge profile of the EV battery system. To help
achieve effective control of an EV wireless charging system,
communication between the primary and the receiving
secondary sides is important for the exchange of important
data and control information.

8. Electric vehicle batteries

In an EV, batteries are used for the storage of electrical
energy, which is supplied by the charging system. Some
parameters of a charging system, such as, charge rate and
charging time, may depend upon the type, size and other
characteristics of the batteries. Therefore, batteries play an
important role in the overall system performance [240, 241].
In this section, we briefly discuss different types of batteries
which are commonly used in EVs. We also provide a short
description of different types of models which are used for
the study and investigation of these batteries.

8.1. Battery types

There are different types of batteries that may be used in
the EVs for storage of the energy supplied by the charging
system. The most common types of batteries which have
been used in the EVs include lead acid, nickel cadmium
(NiCad), nickel metal hydride (NiMH) and lithium ion
(Li-ion) batteries [242, 243]. In the following, we give a
brief description of each type of these batteries.

8.1.1. Lead acid
It is one of the earliest types of batteries that was
developed. It dominated the market before other types of

batteries were introduced. Lead acid batteries are low cost
and have high availability [244]. However, these batteries
have low specific energy and therefore are quite heavy.
These batteries are not recommended to be discharged below
50% of their capacity as it would shorten their life [245].
While in operation and while being charged, these batteries
may emit chemical fumes which should be vented.

8.1.2. Nickel cadmium

Nickel cadmium batteries have specific energy higher
than a lead acid battery but smaller than a Li-ion battery
[246, 247]. It can tolerate deep discharge compared to
other types of batteries and is considered suitable for use
under rough conditions. Moreover, NiCad batteries have
a high life cycle [244]. However, these batteries may
have charging problems at high temperatures. Furthermore,
NiCad batteries should be disposed off carefully as these
batteries use cadmium which is a toxic heavy metal.

8.1.3. Nickel metal hydride

NiMH batteries have high specific energy and have long
lives. These batteries provide nearly constant voltage even
when the SoC is low [244, 248]. They are also considered
environment friendly. However, they have low efficiency
when being charged and discharged. Moreover, charging
these batteries at a fast rate may result in temperature rise
[249]. They have a high self discharge rate and do not
perform well under cold weather conditions.

8.1.4. Lithium ion

Li-ion batteries have high specific energy and high
energy density compared with the other types of batteries
[241, 244]. These batteries have high cell voltage, good life
span and low self discharge rate. They have fast charging
ability as compared with the other battery types [247].
The load characteristics are also good and a Li-ion battery
provides a reasonably constant cell voltage. However, the
performance of these batteries is sensitive to temperature
[250]. Moreover, their capacity may drop with age and after
a certain number of charge discharge cycles.

Apart from these common batteries, other types, such
as, sodium nickel chloride [251] and ultracapacitors [252]
are also being investigated for use in EVs. However, due to
their high cell voltage, high energy efficiency and low self
discharge rate, the Li-ion batteries are preferred for use in
EVs. The other types of batteries that have been discussed
may also be used for supplementary usage or in small and
medium EVs. A quantitative comparison of the different
types of batteries is given in Table 7 [242, 253, 254, 255].

8.2. Battery models

Drivetrain is connected with the battery pack and
provides power to the vehicle so that the vehicle can move.
Hence, the battery is an important component in a wireless
charging system, and its electrical properties should be
investigated and analysed [256]. Performance of a battery
depends upon many factors, such as, capacity, temperature,
battery life, state of health and state of charge (SoC) [257].
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Table 7
Comparison of different types of batteries [242, 253, 254, 255].
Parameter Lead acid Nickel cadmium Nickel metal hydride Lithium ion
(NiCad) (NiMH) (Li-ion)
Specific energy (W-h/kg) 30-50 35-80 35-80 120-300
Specific power (W/kg) 150-200 150-450 150-450 200-450
Energy density (W-h/L) 60-75 140-400 140-400 200-300
Nominal voltage (V) 2 1.2 1.2 3.6
Number of life cycles 400-800 800-2000 800-2000 600-3000
Self discharge per month 3-20% 30% 30% 1-5%
Energy efficiency 82.5% 72.5% 70% 90%
Environmental impact High Low Low Very low
Cost ($/W-h) 0.15-0.30 0.30-0.60 0.30-0.60 0.50-2.50
Therefore, different types of battery models [258, 259, 260] Voo Rseries  Rransient-s  Ryansiont-I.
have been proposed. Each model has its own utility so that ) R . +
each model may be used for the analysis of a different aspect % g g ;3 Crrmnsient—S  Crmnsient.L
of a battery. There are pros and cons of each t.ype of model. 2‘-) [53 T = E Tt VBatery
These models are categorised as electrochemical, electrical M < -

and mathematical models.

8.2.1. Electrochemical model

Electrochemical models [261, 262] depend upon the
electrochemical reactions that take place between the
electrodes and the electrolyte. These models are used for
the investigation of the electrical behaviour of the battery.
Although the electrochemical models are complex and the
associated computations are costly, they are accurate. Some
examples of electrochemical models include single particle
model [263], extended single particle model [259], pseudo
two dimensional model [264] and simplified pseudo two
dimensional model [265].

8.2.2. Mathematical model

Mathematical models are developed for the analysis of
various aspects of a battery, such as, thermal behaviour
[266], capacity fading [267] and SoC [268]. The
mathematical models can be categorised as analytical or
stochastic models [258, 269]. Mathematical equations based
upon the physical properties of the battery are used to model
the battery in an analytical model. Examples of analytical
models include [270] and [271]. Stochastic models use
discrete time Markov chains for the battery modelling.
Examples of stochastic battery models include [272] and
[273]. The mathematical models are simpler compared with
the electrochemical models. However, their accuracy is
comparatively low and practical implementation of these
models may not be possible. They are usually used to model
system level behaviour of the battery [260].

8.2.3. Electrical model

A battery may be represented by an electrical model,
which is implemented with the help of an electrical circuit.
The circuit usually consists of resistors and capacitors
in combination with other components [274]. Electrical
models are less complex, and are easy to implement. These

L anp

Fig. 7. An electrical model of a battery can be used for the
estimation of various parameters, such as, SoC, open circuit
voltage and transient response.

are used for the estimation of SoC, a parameter which is used
for the calculation of the efficiency of the WPT. The key
advantage of these battery models is that these are dependent
upon the open circuit voltage and internal resistance and
help determine the SoC. Some examples of the electrical
models include Thevenin based model [275], impedance
based model [276], and runtime based model [277]. Some
models use a combination of these models and are referred
to as hybrid models [278, 279].

An example of an electrical equivalent model of a battery
is shown in Fig. 7 [278, 279]. This model is compatible with
different battery types, such as, lead acid, NiCad, NiMH,
Li-ion and other electrochemical batteries [278, 279]. The
SoC, capacity and runtime of the battery are modelled
using the current controlled current source (Ig,ry) and the
capacitor (Ceypacity) on the left side. Self discharge when
the battery is stored and is not being used, is modelled by
the resistor Rgejr_pjgcharge- The voltage across the capacitor
(Ceapacity)» 1s used for the quantification of the SoC. For
example, when Vg, = 1, it implies that the battery is fully
charged i.e. the SoC is 100%. On the other hand, Vg, =0
implies that the battery is fully discharged i.e. the SoC is 0%.
The voltage controlled voltage source Ve (Vgyc) models
the non linear relation between the open circuit voltage
(Voc) and the SoC. The resistor (Rgg,;es) and two parallel
RC networks are used for modelling the transient response.
The resistor (Rg.ics) characterises the instantaneous voltage
drop in the step response. The RC network comprising
Rrransieni—s @nd Crpangieni—s are used for the short time
constant, and the RC pair consisting of Reypeeni—p. and
Crransient—1 15 responsible for the long time constant of the
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step response [278]. The model provides good accuracy
without being complex, and it also helps determine the
transient response. By utilisation of the battery model, open
circuit voltage and resistance are measured for each time
interval. The power that is used for moving the vehicle and
the power that is provided by the charging pad are used for
the determination of the power of the battery. The voltages,
resistance of the battery, and the battery power can be used
for the measurement of the current drawn or provided by the
battery.

To enhance the adaptability of a model, it may be
extended to measure the effects of temperature and life cycle
on the capacity [280]. This can be done by the utilisation
of correction functions. For the determination of correction
functions, practical data of batteries are used. The capacity
that is available after N charging cycles determines the
battery life [281]. The discharge of a battery from 100% to
0% and recharging to 100% is considered as one cycle. To
enhance the life of a battery, EV manufacturers recommend
bounds on the accessible range of batteries. Safety margin of
20% is usually used in a charge discharge cycle. Therefore,
the battery cycle is in the range of 80% and 20% of the rated
capacity [280]. As the number of cycles increases, there is a
linear decrement in the available capacity.

Another parameter that affects the battery available
capacity is the temperature [282]. Battery available capacity
is a fraction of the rated capacity at extreme temperatures
while it is near the rated capacity when the temperature
is normal. The delivered capacity is also affected by the
discharge rate.

9. Discussion and future research

With the development and advancement of the enabling
technologies, the societal acceptance of EVs has increased
and more people are now driving these vehicles than
before. EVs require a sufficient number of batteries for
energy storage to maintain a reasonable driving range.
EV wireless charging is an important enabling technology
which has many benefits compared with the traditional
wired charging. It allows the EVs to be charged without
the use of connectors. = With the dynamic wireless
charging, the EVs can be charged while in motion. The
wireless charging solution reduces the battery size and
the initial cost, saves time and extends the driving range.
However, many aspects of wireless charging solutions still
require further improvement which is possible through
technological development.

Some of these aspects and the desired features of an
EV wireless charging system include high efficiency, high
energy density, fast charging ability, optimum size, tolerance
for misalignment, large air gap, and operational safety and
security [283]. However, it is difficult to achieve all these
objectives and trade offs are needed to develop a practical
EV wireless charging solution [38]. For example, fast
charging systems are limited by the physical dimensions of
the magnetic coils. Usage of high operating frequency can

help reduce the coil size as the quality factor is improved,
and the coil current and the number of turns are reduced
without affecting the amount of transferred power. However,
the high operating frequency results in higher switching
losses in the inverter [284]. Furthermore, semiconductor
devices at high frequency may result in high temperatures
and thereby may require a cooling system. Therefore,
optimum coil design requires a trade off between the coil
size and the charging speed. In addition to fast charging
ability, other parameters, such as, power density, energy
efficiency, leakage flux and tolerance to misalignment are
determined by the coil design [192]. Therefore, optimum
coupler design to achieve the aforementioned objectives is
an active research area, which is recommended for future
research.

For a highly efficient WPT, the primary and the
secondary side coils should be perfectly aligned [285,
286]. Even a slight misalignment of the coils reduces
the coefficient of coupling and results in decreasing the
efficiency of the WPT [287]. The misalignment results in
flux leakage thereby reducing the system efficiency. The
flux leakage may also cause a linkage with a nearby metal
object which not only results in energy loss but it may also
damage the object. Therefore, misalignment in wireless
charging systems is an important challenge which should
be overcome [288]. Different methods have been proposed
to increase the misalignment tolerance. These proposed
methods use different types of coil geometries, combining
coils of different geometries into one unit, overlapping
configuration, and resonance frequency tuning circuits.
These methods may require additional space and they also
add to the weight [289]. Therefore, they have limited
applications in EVs. Similarly, improved compensation
topologies and radio based methods have also been proposed
to handle misalignment [121]. Alternative methods which
do not depend upon altering the coil geometry, such as
vehicle tracking and autonomous guidance system are also
being explored to address the misalignment problem [236].
For example, sensors may be used for the detection and
measurement of misalignment between the transmitter and
the receiver coils. Afterwards, an autonomous control
system is used for the alignment of the receiver coil with
the transmitter. For SWCS, these methods can be used
along with autonomous parking systems [237]. However,
in the case of DWCS, application of these methods requires
additional considerations, such as, type of vehicle and
vehicle speed. For future research, it is recommended that
the deployment of the sensor systems may be investigated for
the improvement in the alignment. The misalignment can
also be compensated using electromagnetic meta material.
In addition, the misalignment effect may be handled by
using active compensation networks and coupler systems.
Improved communication and control systems may also be
investigated to solve the misalignment problem.

When a wireless charging system is being used for the
charging of an EV, there is an open space between the
wireless charger and the EV. A foreign object may fall within
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this open space while the EV is being charged [290, 291].
The foreign objects which are a cause of concern, include
metal objects, such as a toy or a tool, and living objects,
such as an animal. In the case of a metal object, the
strong magnetic field will result in the flow of eddy currents
thereby heating the object. As a result, the charging system
may deviate from the normal operation and cause a safety
accident [288]. If it is a living object, the strong magnetic
field may result in harm to the living being [292]. Therefore,
a wireless charging system should employ foreign object
detection (FOD) which comprises metal object detection
(MOD) and living object detection (LOD) [288]. These
detection systems can be broadly categorised into three
different types based upon the working principles i.e. system
parameter based detection, wave based detection and field
based detection methods [292]. For the detection, the system
parameter based detection methods may use the electrical
parameters, such as, voltage, current and power, or non
electrical parameters, such as, temperature and pressure
[293]. The detection methods employing the electrical
parameters are suitable for MOD in low power applications.
These are low cost methods as no additional equipment
is required. However, the detection accuracy is also low
[294]. The detection methods which employ non electrical
parameters use inexpensive sensors and are suitable for both
MOD and LOD. These can be used in both low and high
power applications. Their accuracy is also low [295]. The
wave based methods may use different types of sensors
for the detection, such as proximity and ultrasonic sensors,
radars and imaging or thermal cameras. The detection
may utilise different types of waves determined by the
components, such as mechanical waves or electromagnetic
waves. These methods may be used for both MOD and
LOD and for low and high power applications depending
upon the equipment being used. The cost as well as the
accuracy of these methods is high [296]. The field based
detection methods exploit the electromagnetic field for FOD.
These methods are suitable for both low and high power
applications and are able to detect metal as well as living
objects. These methods have medium to high cost. Their
accuracy is high [297]. For future research, wave based
or field based detection methods or a combination of the
two may be used for FOD due to their high accuracy.
In the further research, the detection accuracy of these
methods should be improved subject to the constraints of
cost, complexity, space and weight.

It is generally considered that EVs equipped with DWCS
require small sized batteries [298]. This reduces the weight
of the EVs as well as the cost. However, small batteries
may suffer from degradation due to deep discharge and
higher number of charge cycles [299]. This may result in
the reduction in the overall life of the batteries. Therefore,
this will require frequent replacement of batteries thereby
adding to the long term cost. In addition, small batteries
will require a higher number of charging tracks with more
power. Therefore, if the batteries are too small, then they
may degrade quickly and will require frequent replacement,

and will also require large charging infrastructure. Hence,
the overall cost of the system will increase. Some work has
been done to evaluate the optimum size of the batteries and
the wireless charging system [183, 188, 300, 301]. However,
the previous work is limited e.g. only a certain vehicle type is
considered in a limited environment in [188]. Furthermore,
the cost of the batteries and the EVs has also changed
over time. Therefore, further research to determine the
optimum size of the batteries and the charging infrastructure
is needed in future while taking the aforementioned factors
and constraints into consideration.

Interoperability among different types of charging
systems and EVs is another problem which should be
solved. For example, the secondary side on the EV is
designed such that it has a high coefficient of coupling
with the primary side which is installed on the wireless
charging side so that the power transfer is achieved with high
efficiency [302]. For this to happen, parameters such as,
shape, size, and compensation networks of both the sides
should be compatible with each other [303]. Therefore,
there is a need for the standardisation of wireless charging
systems. A standard SAE J2954 has been adopted to
facilitate this objective [304]. However, this standard is
limited only to SWCS for light duty EVs. Therefore,
medium and heavy duty EVs are not able to benefit from
the infrastructure which is based upon this standard [305].
Interoperability among light, medium and heavy duty EVs
would facilitate usage of the same infrastructure among
these vehicle types, thereby reducing the cost of building
the infrastructure. Similar to the SWCS, the interoperability
among different types of DWCS would also enable the usage
of the DWCS infrastructure by various types of EVs. In
addition, compatibility among the SWCS and the DWCS is
also desirable. It should be possible to charge an EV with
a single charging assembly using either the SWCS or the
DWCS. Therefore, to facilitate operability and compatibility
among different types of charging infrastructure, and various
classes of EVs, there is a need for further standardisation in
the future.

In the light of this study, some further aspects of
wireless charging systems, in addition to those discussed
in the above paragraphs, are identified to have research
gaps, require further development and are recommended
for future research. These include, design and construction
of feasible, robust and stable DWCS, safety and protection
against hazards, accurate metering and billing systems for
both SWCS and DWCS, wireless charging communications
and control systems security and evaluation of impact of
wireless charging infrastructure on the power grid.

10. Conclusion

We have discussed and reviewed charging of electric
vehicles using wireless power transmission.  Wireless
charging is considered a better alternative to traditional
wired charging systems as it is user and environment
friendly. Furthermore, it eliminates the need for wires and
mechanical connectors, and therefore, avoids the associated
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hassles and hazards. Wireless charging systems also reduce
the range anxiety and enhance the system efficiency. The
wireless power transmission, in general, takes place using
either microwave, laser or mutual coupling. However, only
mutual coupling based techniques are generally used for
wireless charging. The mutual coupling based techniques,
inductive and capacitive power transfer, are employed
for contactless power transfer and charging of electric
devices. Both these techniques are discussed, compared
and contrasted, and it is concluded that the inductive power
transfer has advantages and is the prime method for wireless
charging of electric vehicles. For this purpose, static,
semi or quasi dynamic or completely dynamic methods of
wireless charging can be employed. These modes of wireless
charging of electric vehicles are explained in this article. In
addition, important aspects of a wireless charging system,
such as, charging pad, compensation topologies, system
misalignment, communication and control are reviewed and
discussed. As various parameters of a charging system are
determined by the batteries, a brief overview of battery types
and models is also provided.
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