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Abstract

Wireless power transfer (WPT) technologies have been developing rapidly in recent years. Advances in technology
make WPT widely used in many applications. Electric vehicle (EV) contactless charging is an important application
of WPT. Broadly, WPT categorized into radiative and non-radiative power transfer. Radiative power transfer is
transmitting high power density, which is unsafe for humans when it is been used for EVs charging. So, only non-
radiative power transfer technologies have been using to charge the batteries. Non-radiative power transfer
includes inductive power transfer (IPT) and capacitive power transfer (CPT). Inductive charging technology is based
on IPT. This paper covers a comprehensive review of an inductive charging system for EVs batteries. Operation
principles, equivalent circuits modelling and power transfer requirements are presented. Some system design
problems are also presented. Several compensation technologies and coil shape designs proposed to enhance
inductive charging performance are also described. However, the air-gap between a charger and an EV, and the
magnetic coupling between them are an area of concern. The stationary and dynamic charging methodologies have
discussed briefly in this research. The most challenges and limitations of contactless EVs charging have been
described in terms of: battery capacity, power level, air-gap, mileage, misalignment tolerance, efficiency, and
interoperability. However, battery capacity can be enhanced by dynamic charging, the power level can be

controlled, while some other limitations can be improved as discussed in this paper.
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1. Introduction

The worldwide fuel oil consumption has been increasing
because of high energy demand; the most fuel oil
consumption going to electric energy production, and
internal combustion engine vehicles (ICEVs). Due to fuel
resources depletion and environmental concern, electric
vehicles (EVs) are the best solution to reduce the effect of
ICEVs on the environment [1, 2]. Despite the high initial
cost, EVs require less maintenance compared with ICEVs,
so, the overall cost over the lifetime of the EVs is lower
than that of ICEVs [3].

The main challenge of EVs is the requirement of
batteries of high energy density. At present, the distances
that can be travelled by EVs is limited, because of a low
energy density of available storage batteries. In addition,
the charging time of an extended battery capacity is
relatively long [4].

To make EVs more popular, the governments and
environmental protection organizations deal with all
above-mentioned challenges, as well as, infrastructure,
and safety concern during conductive battery charging.
Contactless EVs charging technologies are an effective

approach to overcome the problems of safety, due to the
fact the physical connection between a charger and vehicle
is removed [5].

Over 117 years ago, Tesla invented the concept of
wireless power transfer. Many industrial applications based
on this technology have been developed so far. The wireless
power transfer (WPT) is by the time-varying magnetic field,
or electric fields, or by microwaves [6].

In general, WPT can be categorized into radiative (far
field), and non-radiative (near field). The biggest
advantage of radiative power transfer is the possibility of
long-distance power transmission with a higher efficiency,
and power density. However, at present, this technology
cannot be used to charge EVs batteries, because it is unsafe
for humans [7]. Non-radiative power transfer includes
inductive power transfer (IPT) and capacitive power
transfer (CPT) [8]. The efficiency of these power transfer
technologies, for short distances, depended on many
parameters, such as the distance between transmitter and
receiver, misalighment, the frequency of transmission etc.

An IPT technology for the EVs applications transmits
power with very high frequency, which causes big
electromagnetic interference (EMI) [9]. Also, human safety
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must be considered during inductive charging. A standard
set by the International Commission on Non-lonizing
Radiation Protection (ICNIRP) specifies that 200 mA/m? is
the current density accepted to be exposed to the
public[10].

To make EVs reality, several agencies, and
organizations are setting up standards and codes affecting
the system requirements at the utility interface. The
Society of Automotive Engineers (SAE) have been
established J1773 standard for EVs inductive charging [11,
12]. The EVs manufacturers have been developing chargers
that effectively interface according to these
recommendations. The J1773 standard introduces three
charging levels for batteries of EVs, as listed in Table 1.

Table 1. Charging Levels of J1773 standard [12]

Charging Power Charging Utility

Level Level (kW) status interface

Level 1 1.5 Slow 120VAC, 15A, 1-¢
Level 2 6.6 5-8 Hours | 230VAC, 40A, 1-¢
Level 3 25-160 Fast 208-600VAC, 3-¢

There are many other standards related to charger
requirements, such as equipment of charging system,
safety, harmonics, electromagnetic interference, etc. [13].

Fast charging is used sometimes, but, in this case, the
life cycle number of the batteries decreases [14].

For charging, EVs could be connected to the smart grids
(SGs) of the future. An interesting technology is a vehicle
to grid (V2G), which assures bidirectional power flow
between EVs batteries and smart grids. This technology
helps to keep the cost of electricity stable. Batteries of EVs
have potential to benefit both consumers and the overall
electrical grid, by feeding electricity back to the grid during
peak demand [15].

In this paper, inductive charging technology for EVs
batteries is reviewed.

Section 2 explains the general concept of inductive
charging system based on IPT, and commonly used
technologies for EVs batteries inductive charging.

Section 3 presents the design requirements of the
inductive charging system, challenges, and possible
solutions.

In section 4, the configurations of a coil design are
described.

In section 5, the electric circuits used for inductive
coupler modelling are depicted.

Then, compensation topologies, charging
methodologies, interoperability, power electronic
requirements, and conclusion are described in sections 6,
7, 8, 9, and 10, respectively.

2. Inductive charging system

The general structure of an inductive charging system
is shown in Figure 1.
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Figure 1. A general structure of an EV inductive charging system

It consists of off-board transmitter side and on-board
receiver side. The transmitter side components include:
filters, a half/full-bridge rectifier, DC/DC converter, a
half/full-bridge inverter which produces a high frequency
current which is transmitted through a power cable and a
compensation circuit topology to the transmitter coil (L1).
The on-board receiver side components include: receiver
coil (L2), and rectifier where the AC current is rectified and
filtered to produce a DC output for the battery load. [16,
17]. The purpose of each component will be explained
briefly in section 9.

The two coupled coils of the inductive charging system
are not linked through a common magnetic core and are
separated by an air-gap. Due to mutual induction between
Li and L, the AC power transmitted from the transmitter
side to the receiver side.

The system efficiency mainly depends on the mutual
inductance, M, and magnetic coupling coefficient, k, which
are varied with the air-gap between the inductively
coupled coils, and a misalighment between them [18-20].
As the air-gap between transmitter and receiver coils is
increased, lower M, and lower k will result. The relation
between these quantities is given by equation (1).

M

JIiL,

k= M

A misalignment of the inductively coupled coils will
decrease the value of k. The large leakage inductances of
coils can result from large air-gap and therefore higher
magnetizing currents will be produced; this leads to high
reactive currents, high VA rating, and a low power factor,
hence overall system efficiency is reduced [11].

Optimal power factor and transmission efficiency can
be reached when the coils of transmitter and receiver (or
many receivers) operate at the resonance frequency. This
technology, called resonance inductive power transfer
(RIPT), was created in 2007 by Massachusetts Institute of
Technology (MIT) [11, 17]. The resonance can be achieved
by adding capacitors at transmitter and receiver sides, to
compensate reactive power; the compensation topologies
will be explained briefly in section 6.

Beside inductively coupled coils, another IPT
technology can be used for inductive charging: Shaped
Magnetic Field in Resonance (SMFIR) technology.

This technology is based on creating a magnetic field by
applying an alternating current around a magnetic core,
such as ferrite; then one of the core sides will be a north
and the other will be a south, as shown in Figure 2.
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Figure 2. Inductive power transfer technology with shaped magnetic field in resonance

The shape of the magnetic field is determined by the
length of the core; when the core length increases, higher
magnetic field will be generated. Ferrite is the most
popular non-conductive material used with inductively
coupled coils. SMFIR technology is also popular, due to its
high magnetic flux saturation density and low cost [21].

For an EV transmitter pad only the flux toward receiver
pad, ¢iarger » is useful and; the leakage flux, ¢eqx ,
according to equation (2), k decreases, accordingly M
decreases [9].

_ ¢target (2)

¢target+¢leak

Magnetic fields are unaffected by dust, soil and non-
metals objects, but metals and non-conductive magnetic
materials do that. In the transmitter side, a ferrite core can
be used to guide the magnetic flux toward receiver. In the
receiver side, a ferrite core can be used to collect more
flux.

This reduces the amount of leakage flux and improves
overall system efficiency. Also, prevents heating up the
conducting parts near the coils. The ferrites are usually
used due to its free-loss at high frequencies up to several
hundreds of kHz [22, 23].

Some designers add additional shielding materials (like
aluminium) that cover the ferrites, which decrease the
leakage flux. This solution is not only expensive but also
increases the weight embedded in the EV; due to
aluminium resistivity, additional losses are generated at
high frequencies [24]. However, the presence of the EV
chassis in a real configuration, above the inductive coupler,
can be considered as an additional shielding with respect
to devices or people being inside the car [25]. The
commonly used ferrite core shapes are: U, E, S, H, |, Flat
E, and W.

The effect of using a ferrite core on the coupling
coefficient is shown in Table 2, and it is compared with a
coreless structure [16].

Table 2. IPT systems coreless and with ferrite cores [16]

Coreless Ferrite core

Air-gap (mm) k Air-gap (mm) |k
200 0.16 70 0.35
2000 0.01 80 0.25
300 0.05 6 0.72

3. Design requirements and challenges

3.1. Coil material and parameters

The material of the coils has to be capable of handling
high AC voltages and currents at high frequencies with

minimum skin effect and eddy current losses, and low AC
and DC resistances. To achieve all mentioned features with
minimum loss and cost, Litz wires are the best choice.

Calculations carried out by Shin J. et al., found out that
the current density of a Litz wire is 3 A/mm?[9]. According
to the required operating frequency, the wire is chosen so
that the skin depth has a value larger than the diameter of
stranded conductors. With a frequency of 25 kHz, the skin
depth is about 0.4126 mm [25]. At very high frequencies,
hysteresis and eddy current losses drastically arise; these
losses converted to heat may damage sensitive components
of the system. Therefore, the shielding becomes necessary.
According to its benign features and ability to protect
system components and guiding the magnetic flux, ferrites
are preferred to be used for shielding [16].

The number of turns, relative permittivity, coil
dimensions, and shape, as well as the pitch of the cail,
affect the self-inductance and capacitance of the coil.

There are many complex formulas used to calculate coil
parameters: resistance, self-inductance, and capacitance
[26]. Finite Element Analysis (FEA) is usually used to
determine these parameters [27].

The resistance and inductance of the power cable,
which connects the DC/AC inverter with a compensation
circuit, as shown in Figure 1, must be taken into
consideration during designing the power stage. Cable
length, diameter, and weight have to be kept small, to
minimize cable power losses and optimize frequency range.
The coaxial cable is the best choice to meet all mentioned
features [12].

Turns ratio of the transmitter and receiver coils is one
of main consideration during the design of an inductive
coupler. A turn ratio of 2:1 is preferred, because of lower
input current; a high voltage rating results for high turn
ratio, then the insulation requirement increases. Delco
Electronics Corporation specified the turn ratio of 1:1 for
low power level and 2:1 for high power levels, with four
receiver turns [12].

3.2. Air-gap

When the air-gap between the transmitter and receiver
coils increases, leakage inductances, M, and k are
significantly decreasing, and the overall system efficiency
is affected [26]. The charging distance range for
contactless EVs inductive charging is (100-250 mm) [4]. A
prototype of identical circular pads of 28 turns with ferrite
bars, designed by Zheng C. et al., with efficiencies of 98%
and 96.6% were obtained for 40 mm and 80 mm of air-gaps,
respectively [28].
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3.3. Power transfer level

A maximum active power can be extracted from the
power supply when its impedance match input transmitter
impedance; the former is constant while the latter is
continuously varied with M, which is a function of air-gap.
However, the adaptive matching network can be used
between the inverter and transmitter coil, to bring
impedance of latter match source impedance. At dynamic
charging condition, the task becomes more complicated,
due to an unspecific value of air-gap for each charging
time [29].

The transmitted power from the transmitter side to the
receiver side is not always maximum at the resonance
frequency [29]. The transmitted power, P,,;, is a function
of the following: the quality factor of the receiver coil, Q;,
its inductance, L,, operating frequency, w, square of
mutual inductance and input current, I, . The power
delivered to the receiver is given by equation (3).

Py = w220 (3)
out — 1 Ly 2

The maximum power can be delivered to a load battery
from the receiver circuit when their impedances are
matched, this can be achieved by adding a matching
network between them [26]. The level of received power
specifies the battery charging time and cost [30]. The
power level range of EVs charging is shown in Table 1.

3.4. Misalignment tolerance

Misalignment is the deviation of a receiver module with
respect to a transmitter module. As the misalignment
increases, the leakage flux increases and mutual
inductance decreases; as a consequence, less power will be
captured by the receiver coil and the overall system
efficiency will be declined.

Due to its importance to overall system efficiency, a
robotic arm mounted on the vehicle has been proposed to
enhance the misalignhment tolerance [31].

The effect of coil shapes and flux distribution on
misalignment tolerance have been studied by many
researchers. It has been observed that the flux pipes of
double-sided coils have more misalighment tolerance than
the single-sided circular coils [32].

Budhia, M et al. were designed a double-D (DD) cail,
which was compatible with circular coils, and provided
more misalignment tolerance than the circular coils [30].

3.5. Operating frequency

Almost all system parameters are affected by
frequency; therefore, system development can be
achieved by controlling the operating frequency. The
transmission power level and efficiency can be improved in
terms of Q,.

For EVs inductive charging applications, the usually
used operating frequency range is (10-200 kHz) [16].

The chosen resonant frequency depends on the distance
between inductively coupled coils and the size of the coils.
The targeted system quality factor, Q, of the resonant
circuit leads to high transmission power efficiency Nmax, as
given by equation (4) [16].

NMmax = 1 — é 4)

The effect of parasitic capacitance on resonance
frequency can be neglected, due to small capacitance
value (a few pF) [26].

The operating frequency is preferred to be
independent, because of any variation of actual ideal
alignment, or air-gap length, resulting in a change of M and
k [16].

The relation of Q is depending whether a compensation
capacitor connected in series or parallel with a coil. The Q
relations are given by equations (5) and (6).

Qseries = %L = %\/% (5)
Qparallel = % = R\/% (6)

To get high-quality factor, thicker wires of high quality
are used to build the coils.

However, lowering the capacitance can result in high
frequency, which increases the skin effect. A single layer
coils are preferred than multi-layer coil because the
parasitic capacitance raises up the overall capacitance and
leads to dropping Q [17].

The simulation results showed that when the variation
of misalignment is up to 30 %, and of air-gap is up to 20%,
the system efficiency, and transmitted power can be kept
near their rated values if the system frequency is well-
controlled [18].

3.6. Quality factor

An increasing the coil’s self-inductance, or operating
frequency, and decreasing AC resistance, has as result a
high value of Q factor [29]. The electromagnetic
interference can be minimized with high Q [33]. The factor
Q is given by equation (7) [26], where w is the angular
frequency, W is coil stored energy, and Py is the power
loss in the inductor.
Q =

wW

7)

The quality factor for single-sided flux distribution is
lower than that of double-sided [25]. Therefore, when the
ferrite is added to guide magnetic flux and reducing the
leakage inductance, the quality factor is negatively
affected.

Ploss

4. Configurations of charge pad

There are many types of coil configurations and cores.
The question is which coil geometry and core shape are
optimal to be used [34].

Based on the polarity of flux distribution, that is
generated by inductively coupled coils, the structures of an
EV charging pads can be classified into: unipolar pad (non-
polarized), polarized pad, and Double D pad (DDP) [35, 36].

A symmetrical flux distribution is generated around a
unipolar pad centre; therefore, it can be coupled optimally
with a similar receiver pad. Polarized pads generate
asymmetrical flux distribution, where the flux dominates in
only one direction. Hence, they can be coupled optimally
only with similar receiver pads, if the receiver pad
approaches it, in a particular direction [37].

4.1. Circular pad (CP)
The CP with ferrite bars is shown in Figure 3 [38].
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Figure 3. Circular pad (CP)

The CP has symmetric double-sided flux distribution.
The fundamental flux path height, P,, is proportional to
about one-quarter of the pad diameter, P, as given in
equation (8) [39, 40]. This means the pad diameter must be
as much as four times the air-gap length, making it
impractical for systems with large air-gaps [37]. Therefore,
this type of pad is suitable only for stationary charging.

A Pza%Pd 8)

In [35], have been shown that the optimum coil
diameter of CP is about 57% of the pad diameter, with an
aluminium ring included. For a prototype of a circular
planar structure with ferrite spokes used, the design has a
transmitted power of 2 kW through an air-gap of 200 mm.
The design consists of two identical charge pads, with a
diameter of 700 mm, with ferrite spokes placed in a radial
disposition. A single-sided coil winding has been used for
each of the power pads. The pad has 130 mm of horizontal
tolerance.

4.2. Flux-Pipe pad (FPP)

FPP sometimes called solenoidal, is shown in Figure 4
[38], it consists of one or two coils wrap around a
rectangular core [39, 36].

Polarized flux

Figure 4. Flux-Pipe pad (FPP)

The FFP has double-sided polarized flux and higher field
than non-polarized pad without adding an aluminium plate
or a shield. The flux pipe results in a fundamental flux path
height, that it is proportional to half of the pad length, as
given in equation (9). This means that the pad diameter
must be twice the air-gap length. [37]

A Pza%Pd ©9)

An identical inductively coupled FPPs structure used by
Chigira M. et al. have the coil winding rolled around a
rectangular ferrite core; this structure is called H-shape
core transformer, or rectangular H-shape core. With this
design, a 1.5 kW of power transferred through 70 mm of
air-gap, a 95 % of efficiency, and lateral misalignment
tolerance of +150 mm, where be obtained.

A 3 kW of power level, which can decrease the charging
time to half compared with 1.5 kW, has been tested.
Finally, the core has sliced in order to reduce all system
weight; the results showed that the slicing structure could
transfer the power efficiently. The performance exhibited
by this structure is very good due to its lightweight (3.9 kg),
small size (240x300x40mm), high efficiency, and good
misalignment tolerance [32].

An experiment carried out by Takanashi H. et al. for a
FPP with a H-shape core transformer, that has a 5.5 kg of
weight, and size of (320 mm x 300 mm x 40 mm) achieved
an efficiency of 90 % when 3 kW of power was transferred
through an air-gap of 200 mm; For this structure, a
+200 mm of lateral tolerance misalignment was permitted;
it was observed that maximum efficiency could be
achieved, when the ratio of winding width to air-gap is
1.4 [36].

4.3. Double-D pad (DDP)

DDP of square coils is shown in Figure 5 [38], this is a
single-sided polarized solenoid pad; this design merges
advantages of both circular and flux pipe pads.

Flux-pipe

Leakage flux

Figure 5. Double-D pad (DDP) of square coils

The DDP consists of two coils, magnetically in series and
electrically in parallel to get low inductance. The coils also
could be connected electrically in series using the same Litz
wire. The DDP structure has a flux pipe in the centre, which
usually made as long as possible; the remaining length of
the coil has been minimized, in order to save copper,
lowering the AC resistive losses, and controlling the flux
height [41]. The flux height is directly proportional to the
half-length of the pad [25].

4.4. Double-D quadrature pad (DDQP)
DDQP is shown in Figure 6 [37].

Ferrites

Quadrature coil

Figure 6. Double-D quadrature pad (DDQP)

The DDQP structure is same as DDP, but has an
additional quadrature coil, to enhance vertical
misalignment tolerance. The flux height produced by DDQP
structure is twice that those produced by CP structure [37].
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4.5. Rectangular and square pads (SP)

In this design, the coils have almost the same structure,
but they differ hugely in performance; they form a double-
sided polarized flux distribution [37].

This structure produces a higher flux path than the
circular pad. When the coils are polarized, single-sided
distribution flux is produced; this design has the highest
magnetic coupling among all the other pad shapes. A
drawback of configuration that it is require more Litz wires
to make a rectangular/square coil of the same area as that
of a circular coil [26].

An analytic model built and validated experimental, to
study and compare the performance of square pad with
circular planar spiral pad, it was proved that square pad is
the better choice for EV inductive charging [42].

For a rectangular magnetic coupler with an oval-shaped
coil, designed to transfer the power of 5 kW, has been
obtained a coupling coefficient of as many as 0.46 [34].

4.6. Bipolar pad (BPP)

BPP, shown in Figure 7 [27], has a construction identical
to DDP, except that the two coils here are overlapped [41].

It has proved that BPP provided an increase of
misalignment tolerances [43].

4.7. Tripolar pad (TPP)

This pad, recently proposed, consists of three
independent coils, partially overlapping, and mutually
decoupled, as shown in Figure 7 [44].

Coil 3 Top view
Coil 1 and 3
Overlapping
area
Coil 1 ) Coil 2

Figure 7. Tripolar pad (TPP)

Each coil can be traversed by currents with different
magnitudes and frequency, with minimal impact on
adjacent coils. Magnetic coupling has been studied, when
TPP was used as a transmitter, and the CP and the BPP were
used as a receiver individually; the results showed an
increase of k when individual coils of TTP traversed by
currents with different magnitudes and phases [44].

5. Inductive coupler modelling

The modelling methodologies help to determine
element parameters, such as voltages and currents across
the coils. This can aid the selection of design parameters
and the determination of the system performance indices
[29].

There are two electrical equivalent circuits to model
the inductive coupler; transformer model and voltage
dependent source model are shown in Figure 8 and Figure
9, respectively.

L -0 L--ng

Figure 8. Transformer model

T I. :\: T
—_— YT T STV e

e ST JeMT; )

Figure 9. Voltage dependent source model

The transmitter current induces in the receiver coil an
open circuit voltage, V,. given by Eq. (10).

The possible short circuit current, I, is given by Eq.
(11) [45];

Voc = joMIy (10)
Isc =I|Z_il (11)

The maximum rating power, S, at a receiver coil is
given by equation (12) [27].
(12)

2
Ssu = Voclse = w112 AZ_
2
A maximum power that can be drawn from the receiver
without compensation is S,,q, = Ssu/2, Which is low [27].
However, when a compensated topology is used, the
output power can be expressed as in equation (13) [46, 47].

MZ
Pout = Ssu- Q2 = VinllszZ = wleQZ (13)

6. Compensation topologies

Leakage inductance, magnetizing current and input VA
rating, are drastically increased as the air-gap between
transmitter coil and receiver coil increased, and
consequently, all system efficiency declines [16, 33, 48].

To minimize the air-gap between transmitter and
receiver coils as much as possible, it was suggested to use
the static charging in-wheel [49].

However, the impedance of a coil inductance can be
totally compensated by connecting an equivalent capacitor
in series or parallel with the coil; in such case, the
operating frequency is called the resonant frequency [9].

The resonance circuit at the transmitter side ensures
zero inductive impedance (or reactive power), unity power
factor, less VA ratings (low inverter cost), and maximum
power transfer at a high value of the coefficient k. In this
design, high efficiency and maximum power delivered to
the battery are ensured by resonance with the receiver side
[47, 48].

Inverter switching frequency should be identical to the
resonant frequency of single frequency system, while at
multi-frequency system, it should be lower than the
resonant frequency [37].

The compensations topologies can be classified
according to the capacitor connection with a transmitter
and receiver coil, respectively. There are four basic
topologies: series-series (SS), series-parallel (SP), parallel-
series (PS), and parallel-parallel (PP).

The SS and SP topologies provide more than the rated
power to the load, but uncertain action to the power supply
may happen in absence of the load [50]. The PS and PP
topologies are safe for the power supply but deliver less
power to the load [16].

In parallel compensation, the capacitance value
depends on the factor k, which is continuously variable for
both static and dynamic charging, therefore, SS
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compensation is preferred [29]. Kissin M. et al., have built
a prototype of 5 kW in which the SS compensation was used.
The results showed that the power transfer capability and
efficiency are significantly affected by the air-gap, and
misalignment [18]. With an SP compensation, the system
has achieved an efficiency of 90 % [51]

Due to presented challenges, and load requirements,
some other compensation topologies have proposed by
other researchers to combine advantage features of the
basic topologies.

The SPS topology has been proposed; this topology has
a capacitor connected in series followed by another one
connected in parallel with the transmitter coil, and a
capacitor connected in series with the receiver coil [33].
This topology combines the features of SS and PS
topologies. It was used for an IPT system prototype to
transfer 2 kW of power through an air-gap of 150 mm; it
provided rated power transfer at a misalignment up to + 25
% [50].

Also, the PPS topology has been introduced; this
topology has a capacitor connected in parallel with the
transmitter coil, while the receiver coil connected with a
capacitor in parallel followed by another one in series. This
topology was able to enhance the power factor of the
transmitter coil, and the premised misalignment was
improved by means of coupling coefficient enhancement
[16].

Other researchers have suggested adding an inductor,
as well as a capacitor to the compensation circuit, to get
more features which meet the load requirements.

An LCL topology has been introduced; this topology has
an inductor connected in series and a capacitor connected
in parallel with the transmitter coil or with the receiver
coil, or with both [52]. The feature of this topology is that
the circuit behaves as a current source, i.e. the input
current is independent of load current.

However, this topology reflects reactive power back
into the source [16]. To reduce the weight and size of the
LCL topology, an LCC topology was proposed; this topology
has an inductor connected in series, a capacitor connected
in parallel, and another capacitor connected in series with
the transmitter coil [53, 33].

A zero-current switching (ZCS) can be produced. This
topology provides, fewer losses, good performances, and
high efficiency have been obtained. To control a bi-
directional power flow, a CLCL model has been proposed
[54].

7. Charging methodologies

Based on the state of an electric vehicle, whether it is
stationary or moving, there are two EV charging
methodologies;

7.1. Stationary charging

An EV van charged during parking time. This type of
charging requires high power density batteries, to store
more charges; this results in increased cost of the EV [12].

A single circular inductively coupled coils design, at
transmitter and receiver sides, has been used to charge a
stationary EV from Golf Company, with a power of 20 kW,
and an air-gap of 50 mm. The obtained efficiency was about
90 %. The same design used a power of 60 kW to charge an
urban bus with an air-gap of 30 mm.

A commercial product has been realized that consists of
one transmitter coil and multi-receiver coils. This
technology can transmit a power of 3.3 kW through an air-
gap of 180 mm with a 90 % efficiency [55].

WiTricity Corporation has developed a WiT-3300 kit
(500*500 mm), for inductive stationary charging. This kit is
capable of transferring a power of 3.3 kW with 90 % of
efficiency, through an air-gap of 180 mm [55]. A circular
pad has been designed which it is capable of achieving 5 kW
of power transfer for stationary inductive charging, through
an air-gap of 150 mm, with an efficiency of 90 % [35]. A
prototype with 2 kW of power has demonstrated that is
capable for dynamic/stationary charging of an EV through
an air-gap of 75 mm, with an efficiency of 91 % [56].

As mentioned earlier, one of the major EV problems is
the mileage per charge. For the EV with the battery energy
capacity of 16 kWh, the mileage is approximately 154 km
[11]. The dynamic charging can improve the EV mileage due
to the fact that the charging is happening during car
movement, bus stops, traffic corridors intersections etc.,
but infrastructure cost is higher than in the case of
stationary charging.

7.2. Dynamic charging

Dynamic charging, or online electric vehicle (OLEV),
was developed by the Korean advanced institute of science
and technology (KAIST). OLEV means an EV can be charged
during its moving [57].

This technology can reduce the battery capacity
required on-board by 20 %, due to frequent charging.
Therefore, the size and weight of the EV are reduced [58].
This technology uses a relatively low resonant frequency
because the system is in an open public area. In addition
to, metal objects on the road may cause some difficulties
[13].

The dynamic inductive charging has a less magnetic
coupling, a more lateral misalignhment tolerance, and a
lower efficiency than the stationary charging. Therefore, it
was proposed to use the lumped pad system type (multi-
segmented coils array) instead of the single-track system
[59]. The proposed system consists of multi-coils, operated
at the same frequency, in transmitter or receiver, or on
both sides, in order to cover more area as much as possible,
with more misalignment tolerance. It was mentioned by
Vilathgamuwa D. et al., that the spatial distance between
the lumped pads coils should be chosen carefully, to avoid
negative mutual inductance between the inductively
coupled coils [29].

Three possible solutions were suggested by Kissin M. et
al., to minimize this issue [60]. The best proposed solution
uses different frequencies for each coil in the multi-coils
system [61]. However, fixed or variable frequencies can be
used in the operation of the IPT systems.

To avoid the point of bifurcation, and power loss during
variable frequency operation, the input VA rating of the
inductive coupler should be greater than its receiver [32].
It was proved, that the system performance of dual-
frequency outperforms the single frequency system [61].

A single frequency system, with a single transmitter
track, uses a single transmitter coil in paved roadbed; this
allows one EV charged at a time. This technology provides
a relatively low constant coupling coefficient due to the
small area which is covered by the transmitter pad but, in
return, it is easy to control. Because more pads are
required to charge more vehicles, the result is high
infrastructure cost [16]. A power pulsations problem arises
at the receiver when the single-track system is used and, in
this case, the battery lifetime is affected. The use of a long
track transmitter is one of the expensive possible solutions.
Multi-segmented coils array at transmitter or receiver, or
on both sides, can be used as another solution to minimize
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pulsation as much as possible and to provide many other
features, such as coupling enhancement, and less field
exposure [62]. The drawback of this solution is that when
the number of coils increases, the system cost increases
[29].

An experiment was carried out, to transfer a power of
15 kW continuously to a moving EV. The transmitter side
consisted of a single-track system, while the receiver side
used a multi-coils system. A + 200 mm of misalighment
tolerance was obtained [46]. Oakridge National Lab has
demonstrated that with a segmented coil array for the
inductive charging system, using coils of 330 mm diameter,
a power of 2 kW can be transmitted over 100 mm, with
about 85 % efficiency. However, the efficiency of their
design tends to drop significantly with misalignment [24].

In the process of dynamic inductive charging, when a
high-power density is transmitted through a large air-gap,
a reactive voltage of about a few kV is generated in the
receiver side. This value is difficult to insulate, even if it is
compensated.

However, instead of using a single capacitor connected
at one point, many capacitors connected among winding
cables can be used, in order to compensate the reactive
voltage.

An OLEV system was implemented with 5 pick-up coils
(each of 20 kW) to receive a power of 100 kW; by using
capacitors connected among the winding, the peak reactive
voltage was reduced from 10 kV to 2 kV; the system
efficiency was 80 % through an air-gap of 260 mm [9].

A demonstrative inductive charging system for a bus,
using the SMFIR technology, realized with E-magnetic
cores, was capable to transmit a power of 100 kW through
an air-gap of 200 mm, with a 75 % efficiency [21].

8. Interoperability

Interoperability is an essential requirement for the
commercial inductive charging. A receiver can enhance
interoperability with different transmitters by utilizing a
multi-coils system with different frequencies.

An interoperability of charge pads means that receiver
topology can be charged with different transmitter
topologies, with high efficiency. An interoperability
standard J2954 has been released by SAE. This standard
specifies a frequency of transmission as being 85 kHz [63].

An interoperability performance comparison has been
studied between BPP, or DDQP, as receivers, and DDP or CP
as transmitters. The results showed that BPP receiver
performance almost matches DDQP, but a less amount of
copper was used by BPP [41]. Another study has carried out,
to make a performance comparison between DDP, DDQP or
BPP as a transmitter, and DDP or CP as a receiver. The
results showed for transmitter interoperability that DDP is
a poor selection, DDPQ is a good choice, with leakage
inductance improvement, and BPP achieves good
performance, with an improvement of a material usage
efficiency [38].

To enhance interoperability, misalignment tolerance,
and to reduce pulsation at receiver during dynamic
charging, a prototype of 15 kW, which consists of three
transmitter DDPs, and a BPP at the receiver side, has been
built. The measurements have proved as + 200 mm of
lateral misalignment tolerance can be obtained [46].

9. Power electronics components

To transmit power efficiently from the transmitter side
to the receiver side, the voltage level, frequency, and
signal type are required to be converted from stage to

stage. So, power electronics components are required to
make these conversions. The major concern regarding the
use of power electronics devices is harmonics injection into
utility grid; this can increase the stress of low-voltage
alternating current on the electric public network.

In order to meet the requirements of international
standards and get high system efficiency, power electronic
devices, such as synchronous rectifiers, filters, and power
factor correction (PFC) have been added into the system,
as shown in Figure 1 [11].

At the transmitter side, a half/full bridge rectifier is
required for AC/DC conversion, followed by large enough
capacitor to obtain mostly pure DC output voltage. For bi-
directional power flow, another inverter can be used, that
is capable of works in the rectifier mode with good control
between the transmitter and the receiver sides [64].

A DC/AC stage can be implemented by using a half/full
bridge inverter, a three-level neutral point clamped (3L-
NPC), or a full bridge inverter (IGBT or MOSFET). A study
carried out showed that the best choice is the full bridge
inverter in terms of losses, size, and total harmonic
distortion [65]. The operations of MOSFET and IGBT can be
controlled through phase shift, pulse width modulation
(PWM) or discrete pulse modulation (DPM). The advantage
of the phase shift control in comparison with PWM consists
in its ability to add a degree for the switching losses control
as well as low switching loss [66].

A constant voltage can be obtained by controlling the
inverter. However, constant current control is preferred,
because the current source is naturally resonant converter
dealing with changes in the load resistance or multi pick-up
charging [39]. The voltage and current requirement of an
individual inverter can be reduced when a multi-level
inverter is used [67].

To supply the EV batteries with constant voltage,
regardless power transfer level, which is affected by many
parameters, regulators have to be used. Regulators are
DC/DC converters, which control the current and voltage of
the battery. Regulators can be classified into: buck, boost,
and buck-boost [9, 7, 68]. A regulator could be connected
with the transmitter side (post-converter) to get a closed
loop system, or with the receiver side (post-rectifier) to get
an open loop system. It is preferred to connect it with the
transmitter side, because the area and the size are limited
on an EV [64, 69].

Switching losses and conduction losses arise during
electronic component operation. Converter-switching
losses can be minimized when it operates at the resonant
frequency, zero voltage switching (ZVS), or zero current
switching (ZCS) [70]. However, the inverter frequency and
the output voltage of the regulator must be controlled.
Many controllers can be used to control system frequency
and operation of the regulator, such as PID, FPGA, and DSP
etc. [68]. Dual PI controllers have been used to control the
input currents of the two boost converter, and one PI
controller to regulate the output voltage of the regulator.
PWM method has been used to control a two-segment IGBT
inverter; more than 96% of inverter efficiency was be
measured when the output power was 116 kW [9].

10. Conclusion

This paper reviewed the battery inductive charging
technology.

Many coil configurations and charge pad designs have
been proposed to improve an IPT system performance in
terms of, the coupling coefficient between inductively
coupled coils, and misalignment tolerance.
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As the air-gap between the transmitter and receiver
coils increases, the leakage flux also increases, then the
overall system efficiency is affected.

To get maximum power transfer through an inductive
coupler with minimum losses, the coils should be work at
resonance condition, many compensation topologies have
been proposed to make an IPT system work at resonance.

The resonance condition may be disrupted due to
change in air-gap that the system has been designed to
work at it, or due to misalighment tolerance, so, some
works of literature proposed to use a controller to change
the resonance frequency due to practical conditions to
keep a system work in resonance. To supply batteries
package with a constant power level a voltage regulator
can be used.

To make the EVs more practical: in terms of increasing
the mileage, the dynamic charging has been proposed; and
in terms of commercial purpose, the interoperability
between different charge pads have been researched and
could be improved.

In spite of its huge challenges and limitations, the IPT
technology proves its eligibility to transfer power
efficiently with reasonable air-gap.
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