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Abstract: Wireless Power Transfer technology (WPT) makes it possible to supply power through an air-gap, without the need for
current-carrying wires. One important technique of WPT technology is magnetic resonant coupling (MRC) WPT. Based on the
advantages of MRC WPT, such as safety and high power transfer efficiency over a long transmit distance, there are many possible
applications of MRC WPT. This paper provides a comprehensive, state-of-the-art review of the MRC WPT technology and wireless
charging for electric vehicle (EV). A comparative overview of MRC WPT system design which includes a detailed description of the
prototypes, schematics, compensation circuit topologies (impedance matching), and international charging standards. In addition,
this paper provides an overview of wireless EV charging including the static wireless EV charging and the dynamic wireless EV
charging, which focuses on the coil design, power transfer efficiency, and current research achievement in literature.

1 Introduction

The increasing requirement for convenience and safety has prompted
an ever-growing demand for wireless charging, and with increasing
efforts devoted to the development of electronic based technologies,
such as mobile phones and electric vehicles (EVs), we are now able
to enjoy the benefit of wireless charging.

WPT technologies can be categorized in different ways. One
method for classifying WPT technologies depends on the range
of power delivery: far-field WPT technology and near-field WPT
technology. Far-field WPT technology is based on the electro-
magnetic radiation technique, using the microwave, laser or solar
satellite. Near-field WPT technology includes capacitive coupling
WPT (CPT) and inductive coupling WPT (Inductive power transfer
(IPT) and magnetic resonant coupling (MRC) WPT). The major dif-
ference between IPT and MRC is: MRC WPT is very effective for
low- or medium -power WPT and the primary and secondary coils
are tuned in resonant frequency by adding compensation capacitors;
IPT WPT is better for high-voltage power transfer since there is no
resonant circuit involved. Use of MRC WPT is advantageous with
respect to its high safety and long transmission distance. Fig.1 shows
a comparison of IPT WPT and MRC WPT [1].

Wireless charging technology for EVs could save the consumer
from the laborious process of finding a charging point, connecting
up the cable and time spent waiting for the charge to complete, on
the assumption that the cable is neither lost or broken. Wireless EV
charging can be either static or dynamic, based on the mobility of
the charging facility. Static wireless charging technology may refer
to the case where the charging ports are installed in the parking area,
while dynamic wireless charging technology could be more flexi-
ble, the EVs can be powered while driving, even saving the trouble
of installing additional batteries if the energy source is on the path.
MRC WPT technology is one useful technique for EVs charging
design. The advantages of MRC wireless EV charging include a
high transmission efficiency with a long gap distance (more than 100
mm).

This paper reviews the MRC WPT technology and the wireless
EV charging application. This paper is organised as follows. Section
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II discusses the design of the MRC WPT system, including proto-
types, schematics, compensation circuit topologies, and international
charging standards. Section III reviews wireless EV charging sys-
tems based on the MRC technique. The conclusion is in Section
Iv.

2 MRC WPT System Design

Many different schemes have been proposed for MRC WPT wireless
charging systems. This section focuses on introducing the details of
MRC WPT system design which includes prototypes, schematics,
compensation circuits, and several international charging standards.

2.1  The Prototypes of MRC System

The performance of MRC WPT system varies with different proto-
types of the design. According to the number of transmitters, MRC
WPT systems can be classed as either single-input-single-output
(SISO), single-input-multiple-output (SIMO), multiple-input-single-
output (MISO), or multiple-input-multiple-output (MIMO). Fig. 2
shows the difference between these four prototypes.

2.1.1 SISO and SIMO Prototype: The SISO WPT is the most
basic and simple prototype of the WPT systems. In a SISO WPT sys-
tem, the receiver load plays an important role in the transfer function
of the system. Moreover, the distance and orientation of the coils
greatly affect the reflected load impedance on the transmitter side.
In a MISO WPT system, due to the cross-coupling between the dif-
ferent transmitters, the effects of the load upon the transfer function
and efficiency of the system are increased.

H.D.Lang et al. [2] present a comparison between the MISO and
SISO. The multi-transmitter WPT systems have several advantages
over their single-transmitter counterparts, most importantly higher
power transfer efficiency (PTE). Because of the higher PTE, the
magnetic field strength required to transfer a particular amount of
power is also lower for a MISO WPT system compared to their
SISO counterpart, and less magnetic field intensity can reduce the
harm of human body. The MISO WPT system is a viable candidate
for biomedical implants and general purpose electronics.
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Fig. 2: Comparison of SISO, SIMO, MISO and MIMO

2.1.2 MISO Prototype: Elisenda er al. [3] provide a design-
oriented model-based scalability analysis of a SIMO WPT system.
The scalability and behavior of a SIMO system strongly depends
on how the coupling between the transmitter and the receivers, and
the coupling between receivers, scale when the number of nodes
is increased. There are two key scenarios which entail different
couplings between the system nodes:

1. Increase Density: when the number of receivers is increased
within a constrained area. The coupling between the transmitter and
the receivers is maintained but the coupling between the receivers is

increased due to their reduced separation. In this case, the point-to-
point efficiency decreases when the number of nodes increase and
the system efficiency increases. The output power is not increased
when the number of receivers is increased, which can be explained
by the fact that the over-coupling of the system is increased when
the number of receivers is increased.

2. Constant Density: when the number of receivers is increased
together with the deployment area, the coupling between transmit-
ter and receivers is decreased but the coupling between receivers is
maintained because the density remains constant. In this case, power
efficiency and output power varies when the number of receivers is
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increased. However, the system can achieve maximum output power
and system efficiency wth an optimal number of receivers.

2.1.3 MIMO Prototype: MIMO systems are always used in
electromagnetic radiation WPT applications [4-6], e.g., wireless
sensor networks. The exact resonant frequency between the transmit-
ter and receiver is necessary, so the MIMO systems are not widely
used in MRC WPT technology. However, H. Sun et al. [7] pro-
pose an algorithm which can maximize the power of the intended
receiver device while limiting the power received by the unintended
device. The numerical results show that the algorithm can signif-
icantly improve the power efficiency. One important result of the
MIMO system observes that even though all the nodes have the
same resonant frequency, the maximum point-to-point efficiency
is not obtained at this frequency, since all the receivers are cou-
pled between them, and the system presents an over-coupled regime
response. For wireless electric vehicle charging technology, the
SISO and MISO system are the best systems to use.

2.2 The Schematics of the MRC WPT System:

In previous research, a typical MRC WPT system is generally clas-
sified as either a two-coil or a four-coil system. Fig. 3 2-Coil shows
the two-coil MRC WPT system. The two-coil MRC WPT system
consists of two electromagnetic subsystems with the same natural
resonant frequency, and it is the original type of the SISO MRC
WPT system. To improve PTE at longer transmission distances, the
four-coil system has been proposed. Fig. 3 4-Coil shows the four-
coil MRC WPT system. In this system, the transmitter includes a
source coil and a sending coil (or primary coil), the receiver includes
a receiving coil (or secondary coil) and a load coil.

A conventional four-coil system [8—10] offers the advantage of
two degrees of freedom such that the source coil can be mounted and
coupled with the sending coil to adjust the system input impedance,
and the load coil can be mounted and coupled with the receiving
coil to adjust the equivalent load resistance from the receiving coil to
match the load condition. A conventional four-coil system is suitable
for mid-range applications while a two-coil system gives better per-
formance in short-range applications. Applications are considered
short-range or mid-range based on whether the transmission distance
is smaller or larger than the coil dimension. e.g., in electric vehicle
(EV) applications, the transmission distance, also known as air-gap,
ranges typically from 100 mm to 300 mm, and the coil dimension is
always larger than the transmission distance. Therefore, a two-coil
system is adopted for this short-range application.

S.Moon et al. [11] propose an asymmetric four-coil system, the
primary side consists of a source coil and two transmitter coils which
are called intermediate coils, and in the secondary side, a load coil
serves as a receiver coil. The enhancement of the apparent coupling
coefficient at the operating frequency is superior to the conventional
four-coil system. Thus, the asymmetric four-coil system can reduce
the number of turns in the source coil and the root mean square
input current when compared to the conventional four-coil system
and two-coil system. This asymmetric four-coil system has a higher
PTE which enables a relatively long distance between the source coil
and load coil.

PTE and power delivered to the load (PDL) are two key param-
eters in WPT technology, which affect the energy source specifica-
tions, heat dissipation, power transmission range, and interference
with other devices. Despite the improvement of PTE at large trans-
mission distance, the four-coil system causes a significant reduction
in power delivered to load (PDL) [12]. M. Kiani et al. [12] and Y.
Li et al. [13] propose a three-coil MRC WPT system, as shown in
Fig. 3 3-Coil. This topology not only provides a PTE as high as the
four-coil method but also offers a PDL that is significantly higher
than the four-coil MRC WPT system at large transmission distance.
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2.3 Compensation Circuit Topology of MRC WPT System:

The compensation circuit is often required for both transmitter and
receiver in the MRC system to improve the power transfer capabil-
ity. There are four basic compensation circuits and several hybrid
compensation circuits in the MRC WPT system.

2.3.1 Basic Compensation Circuit: Apart from making the
system resonant, the benefit of a compensation circuit includes
minimising the volt-ampere (VA) rating of the power supply and
regulating the value of current in the supply loop as well as the
voltage of the receiving loop with higher efficiency. Four elemen-
tal compensation topologies can be summarised out of the existing
literature: series-series (S-S) compensated, parallel-parallel (P-P)
compensated, series-parallel (S-P) compensated and parallel-series
(P-S) compensated, as shown in Fig. 4. The difference lies in the
placement of compensation capacitors in terms of either in parallel
or in series with the primary or secondary leakage inductance.

The process of choosing the compensation topology varies for
primary and secondary sides based on the functionalities. In the pri-
mary side, the implementation of different topologies depends on
the demanded transmission range or voltage in practical scenarios.
For example, series compensation topology is sufficient for distance
transmission, while parallel compensation is generally regarded
as the optimal choice when the primary coil requires large cur-
rent. In the secondary part, series compensation has voltage source
characteristics, thus it is well suited for systems that have an interme-
diate DC bus. Meanwhile, parallel compensation has current source
characteristics and is well suited for battery charging [14].

Normally, the resonant operating frequency for the basic compen-
sation topology is:

1 1
YT LGy VIsCs M

The reflected impedance from the secondary to the primary can
be expressed as:

2752

w M
Ty = 2)
r Zs

The impedance of the primary side Z; depends on the compensa-
tion topology, which can be expressed as [15]:

Zp = jwLp + GGy + Zr(series) 3)
Zp = L llel
T jeCy—L orelteh .
P SwL, + Zy

The impedance of the secondary side Zs depends on the compen-
sation topology, which can be expressed as:

Zs = jCULs +

aCs + R(series) ©)

Zs = jwLs + 1 (parallel) (6)

j wCs + bal

The S-S topology compensation structure and P-S compensation
structure have the highest transmission efficiency. In comparison, the
S-S compensation structure is superior to the other three structures
when the system is resonant, its load receiving power and system
transmission efficiency are better, so the S-S topology is used in
MCR WPT frequently [16]. Fig. 4 demonstrated a typical S-S com-
pensation topology [17]. Ly, refers to the transformer inductances on
the primary side, while Ls indicates the one on the secondary side.
Likewise, Cp and C's refer to the primary and secondary compen-
sation capacitors which are used for enhancing energy transferred
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from an AC source to an output loading resistance R. The electrical
parameters can be calculated as below [18]:

1 1
Cp = wLp’CS " wLls ™
L= MON%(@ —-2) ®)
a
2,2
_ morir3 N1 N2 ©9)
M= 2d3

where p is the vacuum magnetic permeability. 71 and 7o are the
radius of the transmitter coil and receiver coil, respectively. N1 and
N are the turns of the transmitter coil and receiver coil, respectively.
a is the wire diameter and d is the distance between transmitter coil
and receiver coil.

2.3.2 Hybrid Compensation Circuit: Apart from the afore-
mentioned four basic compensation topology circuits, there are
several hybrid series-parallel compensation topology circuits found
in the literature. (e.g., LCL, LCC, LC/S, LCCL.)

o LCL compensation circuit: [22, 25, 26] discuss the LCL com-
pensation circuit applied to a WPT system. The advantages of LCL
compensation topology circuits include a constant current source,
high efficiency at light load (unity power factor), and harmonic fil-
tering capabilities [27]. F. Lu et al. [23] give a comparisons of
the three topologies of LCL compensation circuits (LCL-S, LCL-P,
LCL-LCL), especially on their load characteristics comprehensively
and systematically, as shown in Fig. 5. They point out that the pri-
mary inductance has an influence on the load characteristics when
the LCL topology is utilized in the primary side.

In Fig. 5 LCL-S Compensation Circuit, L1, Lo, Ry, Ro are
self-inductances and resistances of the transmitting and receiving
coils, respectively. C'1, C2 are compensation capacitors. Ry, is the

equivalent load resistance. L1/ is the series compensation inductor.
The parameters of LCL-S network are generally determined by the
folllowing equation [28]:

1

w= 7L202 (10)

The receiving side resistance Z is:

1
Zs = jwLa +
. 1 (11)
C _—
JwC2 + Ry

The equivalent impedance at the transmitting coil Z, can be
calculated as follows:

Zr = jWLll +

1

JjwCi + (12)

L - -
Jwly + Ry

The parameters of LCL-P network are generally determined by
equation as follows [29]:

1
w= 71:202 (13)

The total impedance of system Zp is:

Zr = jwlLy + T
JjwCh +

w2M2
1

.]WCQ + Rf
14)

jwL1 + Ry +
JwLo +
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coil. Their method is still effective even if the reflected impedance of
receiver changes due to the parking deviation and misalignment of
EVs. LCL-S and LCL-LCL compensated wireless charging systems

C. Cai et al. [30] proposes the LCL compensation topology in
the transmitter that can make the current constant in the transmitting
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can output constant voltage and current, respectively, while both of
them can realize the zero phase angle.

o LCC compensation circuit: The integrated LCC compensation
topology for EV charging was presented by W. Li [31], which can
reduce the size of the additional coil and make the system more
compact with extremely high efficiency. S. Zhou et al [24] pre-
sented a multi-paralleled LCC compensation topology for dynamic
EVs wireless charging, which can minimize the EMI and reduce the
power loss of the system. A double-sided LCC compensation circuit
topology was proposed by T. Kan, N. Rasekh and other researchers
[32-36]. Fig. 5 shows a wireless charging system using the double-
sided LCC compensation circuit topology. At the transmitting side,
L 11 C’fl, C1, and L; form the primary resonant part, which is
tuned to have a resonant frequency equivalent to the switching fre-
quency of the full-bridge inverter. At the receiving side, L r2, Ca,
C5, and Lo make up the secondary resonant part. Both the primary
resonant part and the secondary resonant part have the same resonant
frequency. To avoid energy exchange between the compensation
inductors, the range of the vertical gap should be 140 mm—200 mm.
The nominal gap is set to 150 mm accordingly.

The input impedance Z;,, and secondary impedance Zsec in
double-sided LCC can be simplified as follows [32]:

272 12
in — M2Req
272
sec — wRLfQ (16)
eq
8
Req = PRL 17

In a double-sided LCC compensation network, Lf1/(Ls2) res-
onates with C'r1/(C'ro) while La/(L1) and C2/(Ch) are combined
to resonate with Cra/(Cy1). The resonate frequency w can be
calculated as follows:

1 1 1
Lo — — 0wl — —— — —— =
whs2 wCra 0;wl wC1  wCpy 0 (18)
1 1 1
Ly — — 0;wly — —— — -
Wi wC'sy 0;wha wC2  wCyoy 0 (19

The advantage of this topology is that it performs as a current
source to both the input and output, and it can maintain relatively
high efficiency at both light and heavy load conditions [35]. How-
ever, due to the high order system and the resonant mechanism, the
operation of LCC compensation is very complex [32]. W. Li et al
[36] presented a detailed comparison between the double-sided LCC
and SS compensation topologies for EV wireless charging. The anal-
ysis proves that the double-sided LCC compensation topology is less
sensitive to the variations of self-inductance caused by the change
in the relative position of the primary and secondary coils. Gener-
ally, the double-sided LCC compensation topology outperforms the
SS compensation topology in terms of efficiency and stability, other
than the case when SS compensation topology is at higher mutual
inductance value.

e LC/S compensation circuit: LC/S compensation topology was
recently proposed by Y. Wang et al. [37]. The proposed LC/S
compensation topology is shown in Fig. 5. Lp and Lg are the self-
inductances of the transmitting and receiving coils, respectively. L1
and C1 are series compensation inductor and parallel compensation
capacitor in the primary, respectively. C is a secondary series com-
pensation capacitor. The circuit structure of an LCL-S compensation
topology is completely identical to that of an LC/S compensation

topology, but the tuning methods for compensation parameters are
totally different. The LC/S possesses three degrees of design free-
dom (L1, Lp and Lg). U and M are not deemed as degrees of
design freedom since they are generally unchanged. LCL-S only has
two degrees of design freedom because L, must equal to Lj. In
addition, LC/S provides a strong capability of high-order harmonic
suppression and better load independent voltage output than LCL-
S topology [38]. LC/S compensation has all the major advantages
of the double-sided LCC compensation topology. It comprises only
three compensation elements, achieves higher power density while
reduces system size as well as cost. As the maximum output power
of LC/S compensated system can be easily changed by altering the
value of L1 and ClI, in theory, the output power can reach infin-
ity with the original input voltage and the operating frequency set
to a calculated value.Additionally, compared to double-sided LCC
compensation topology, the system efficiency of LC/S compensation
topology is about 2.5% higher.

e LCCL compensation circuit: A. Ong et al. and J.Byeon et al.
[39, 40] propose a compensation topology circuit where a paral-
lel resonant tank is added to the series compensation, named as the
LCCL compensation topology circuit, as shown in Fig. 5. Compar-
ing with the series compensation circuit, the LCCL circuit produces
high maximum transfer power. In addition, LCCL circuit produces
high efficiencies with high transfer power levels with high coupling
coefficients. S. Yang et al [41] presented a double-sided LCCL topol-
ogy for wireless power transfer technology. In this system, a constant
output current in the transmitting coil at a calculated frequency can
be achieved, forming a stable alternating magnetic field that is not
affected by the load and the coupling coefficient.

2.3.3 Topology of MRC WPT System: Fig.6 is the topology
of the MRC WPT system. 1-Q4 are four power MOSFETS in the
primary side, D1-Dy are the secondary side rectifier diodes. The DC
input is transformed into high-frequency AC power by a full bridge
inverter. The high-frequency AC power generated in the primary
resonant part is transmitted wirelessly through the main coupling
between the two main coils. Finally, the AC power is converted back
to DC by the rectifier where, after further filtering by the CLfilter,
the resultant output is suitable to charge the battery packs.

$S,8P,PS,PP

LCL-S, QD D1 QD D3

LCL-P,

u® LcL-Le, || = R[]

LCcc-LCC,
LC/S, 2)D2(%x)D4
a3 Q4 LCCL/LCCL CD <>
Topology of MRC WPT

Fig. 6: Topology of MRC WPT System

2.4 International Charging Standards

The historically slow development of wireless charging techniques
has held back the introduction of practical applications until recently,
where major manufacturers have started to integrate it into electronic
products. The biggest hurdle it currently faces is that there are sev-
eral standard versions of the technology, making it difficult to offer
chargers compatible across different devices. The following sections
describe several of the main standards (the Qi, Alliance for Wireless
Power (A4WP), SAE, and IEC standards).

2.4.1 Qi Standard: The Qi standard has been created by the
Wireless Power Consortium and it is applicable for electrical power
transfer over distances of up to 40 millimeters. Qi, pronounced as

IET Research Journals, pp. 1-17
© The Institution of Engineering and Technology 2015



"Chee", is derived from an Asian word with its original meaning of
"the vital energy", and has been used to indicate the intangible flow
of power in the wireless charging process. The Qi wireless charging
standard is mostly used in inductive wireless charging applications.
A Qi wireless charger consists of two fundamental elements:

e Base Stations: The device that provides inductive power for
wireless transmission. It contains a power transmitter whose major
element is the transmitting coil. In practical cases the Qi charger is
normally designed with a flat surface, namely the Interface Surface,
thus the mobile device(s) can be placed on its top during charging
procedure.

e Mobile Devices: The Qi mobile devices are those which consume
the wirelessly transmitted power, whose internal batteries are to be
charged by the base stations.

In addition, the Qi standard is integrated with a limited data trans-
mission system between the base station and the mobile devices,
such that the output of the base station can be adjusted based on
the needs of the mobile device, and eventually terminate the power
transmission once it is fully charged [42].

According to the range of power delivery ability, Qi wireless
chargers can be classified as low power or medium power. The low
power category covers chargers that can deliver power up to 5 watts.
This can cover most devices, such as mobile phones, music players,
and Bluetooth earpieces. While chargers in the medium power cate-
gory can deliver power up to 120 watts. The frequency used for Qi
chargers ranges from 110 to 205 kHz for the low power and 80-300
kHz for the medium power Qi chargers.

The position of the mobile device and base station is important
because it is necessary to ensure the coupling between the transmit
and receiver coil is as high as possible, thus the system can reach
high efficiency. There are two types of positions:

e Guided positioning: This form of placement on a Qi charger
involves the use of means to guide the user to place the mobile
devices in the correct place on the Qi base station for charging. This
is always implemented in the form of a single transmitter and a single
receiver.

e Placement anywhere: The second form of Qi charger placement
does not require the user to accurately place the mobile device on a
particular area of the charging surface. Instead a wider area is usable.
This can be achieved by using more than one transmitter coil.

As a matured standard the Qi certification has been adapted by a
number of recently launched products, e.g. iPhone 8, iPhone 8 plus
and iPhone X. Besides, There are thousands of Qi wireless charging
spots in public spaces such as hotels, restaurants, coffee shops, bars,
and transports [43].

242 A4WP Standard: The Alliance for Wireless Power
(A4WP) is an independent industry body that was set up to develop
and maintain the standards for a form of wireless power that allowed
additional spatial freedom over the standards that already existed.
A4WP uses a large area for the magnetic field, and this enables
the device positioning requirements to be less critical, and it also
allows a single power transmitter to charge multiple devices at any
one time. Meanwhile, A4WP enables the possibility of Z-axis charg-
ing placement allowing the device to be detached from the charger
[44].

There are several differences between the A4WP standards and
other wireless charging standards. The features are discussed below:

e Frequency: An internationally available high frequency of 6.78
MHz is adopted to avoid inductive heating issues, which are com-
monly seen with tightly-coupled inductive systems under much
lower frequencies.

e Control and management protocol: The frequency used for con-
trol and management is within the 2.4 GHz ISM (Industrial Scientific
and Medical) band. It is internationally available and is ideal for
applications like smartphones and other electronic items.
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There are two main elements in A4WP wireless chargers:

e Power Transmitter Unit (PTU): This is the unit that transmits
the power to the unit requiring charging. The PTU contains two
main parts, one comprises the areas used for the power transfer, and
another is associated with the signalling.

e Power Receiving Unit (PRU): There are several classes of PRU
dependent upon the application envisaged. Power enters the receiver
via the resonator and it is rectified to provide a DC voltage. The
rectifier needs to be able to provide efficient rectification at 6 MHz
frequency. Once rectified, the power is converted to the required
voltage using a DC-DC switch mode converter. Both the rectifier
and the DC-DC converter can be controlled over the 2.4 GHz link
to the charger to enable both charger and A4WP receiving unit to
communicate to maintain power transfer at its highest efficiency.

2.4.3 SAE Standard: On May 17, 2016, SAE international
approved TIR J2954 standard for PH/EV wireless charging. SAE
International is a global association committed to being the ulti-
mate knowledge source for the engineering profession. The key
approaches of J2954 are determining minimum performance cri-
teria for charging (efficiency) through team consensus with input
from industry studies, otherwise, it can develop a common inter-
face for vehicle side charging to assist in interoperability of wireless
charging.

SAE TIR J2954 establishes a common frequency band using 85
kHz (81.39 - 90 kHz) for all light-duty vehicle systems. In addi-
tion, four PH/EV classes of WPT levels are given: 3.7kW (WPT
1), 7.7kW (WPT 2), 11 kW (WPT 3) and 22 kW (WPT 4). Future
revisions may include even higher power levels [45]:

One key feature of TIR J2954 standard is the positioning. It
includes XYZ tolerance, Rotation, Tilt, and Gap variation between
pads, shown as Fig. 7. At the same time, the positioning methods are
proposed as below, and communication is a key component of each
method [46].

e Triangulated RFID Positioning
e Magnetic Coupling Positioning
e Combination Positioning

Fig. 7: The positioning in SAE Standard [46]



Model

Battery

Wallbox Charge Time

Fast Charge Time

Wireless Charge Time

Peugeot e-208 50kWh, range:211 miles 5 hrs (11 kw) 30 mins to 80% (100kw)
Mercedes EQC 80kWh, range:280 miles 12 hrs (7.4 kW) 40 mins to 80% (100kW)
Audi e-tron 95kWh, range:248 miles 9 hrs (11 kW) 30 mins to 80% (150kW)
BMW i3 42.2kWh, range: 160 miles 4 hrs (11 kw) 42 mins to 80% (50kW) Charging input voltage:240V;
30/50 Amp Circuit;
11 kW charger: 4-5 hours
Citroen C-Zero 14.5kWh, range:93 miles 7 hrs (3.7 kw) 30 mins to 80% (50kW)

Hyundai Lonig Electric

28 kWh, range: 174miles

4.5 hrs (7.4 kW)

25 mins to 80% (50kW)

Jaguar |-Pace

90kWh, range: 292 miles

13 hrs (7.4 kW)

45 mins to 80% (100kw)

Kia e-Niro 64kWh, range: 282 miles 10 hrs (7.2 kw) 45 mins to 80% (60kw)
Nissan Leaf 40kWh, range: 168 miles 7 hrs (6.6 kW) 40 mins to 80% (50kW) Charging input voltage:240V;
30 Amp Circuit;
7.2 kW: 6 hrs
Tesla Model 3 75kWh, range: 338 miles 5 hrs (11 kW) 30 mins to 80% (120kW)
Tesla Model S 100kWh, range: 393 miles 7 hrs (16.5 kW) 40 mins to 80% (120kW) Charging input voltage: 240V;

50 Amp Circuit;
11 kW Charger: 20-25miles of
range per hour parked.

Fig. 8: EV battery information and power transfer level comparison of charging methods

Currently, there are many wireless suppliers and companies
involved in wireless charging using J2954, like Qualcomm, WiTric-
ity and Evatran, efc..

2.4.4 1IEC Standard: The International Electrotechnical Com-
mission (IEC) has published IEC 62827-1; 2016, standard for
wireless power transfer. IEC 61980-1:2015, the first Standard pub-
lished in the series, covers general requirements for EV. WPT
systems including general background and definitions for example:
efficiency, electrical safety, Electromagnetic Compatibility (EMC),
protection from electromagnetic field (EMF) and so on. IEC 61980-
2, part 2 of the series to be published later, will cover specific
requirements for communication between electric road vehicles and
WPT systems including general background and definitions. As for
the third part in the series, IEC 61980-3, also scheduled to be pub-
lished later, will cover specific requirements for EV magnetic field
wireless power transfer (MF-WPT) systems [47].

IEC 62827-1:2016 specifies common components of manage-
ment for multiple sources and devices in a wireless power transfer
system, and justifies various functions for WPT. This part of IEC
62827 defines the reference models for possible configurations of a
WPT system. The models are specified in additional parts in more
detail. This standard is applied to WPT systems for audio, video,
and multimedia equipment [48].

3  Wireless Electric Vehicle Charging

Renewable energy generation and Electric Vehicle (EV) technol-
ogy has advanced in recent decades due to the pressing concerns
about climate change, air pollution and energy security [49]. There
were only 1.26 million battery EVs (BEVs) and plug-in hybrid EVs
(PHEVs) by the end of 2015 (accounting for around 8% of global
vehicle threshold) even though that almost doubled the number of
2014. Global sales of new EVs passed a million units in 2017,
according to McKinsey’s Electric Vehicle Index [50]. Under the cur-
rent growth trajectory, EV producers could almost quadruple that
achievement by 2020, moving to 4.5 million units, that is 5% of
the overall global light-vehicle market. Nowadays, car companies
have been developing various EVs such as pure BEVs, hybrid EVs,
PHEVs, and roadway powered EVs. The hybrid EVs are more popu-
lar in worldwide markets among all EVs. Fig.8 shows a comparison
of pure EVs in current market with battery type, range and charging
time in wired charging case and wireless charging case, respectively.

However, at the current stage, it is unattainable to develop an
electricity storage module (battery) that meets all the requirements
for EVs, including high energy/power density, low initial cost, long
cycle time, high safety level and stability. Until now, most EVs use
plug-in charging. There are several weaknesses of plug-in charging,

e.g., people may forget to plug-in and thus find themselves unex-
pectedly running out of energy; The charging cables on the floor can
present trip hazards; the degradation of cables over time could prove
dangerous to the user [51].

As far back as 2012, automakers have said they plan to include
wireless charging technology on future EVs. Nowadays, wireless
EV charging is already here, wireless charge pads and accompany-
ing adapters for select plug-in models have been available at a price
point within the reach of most plug-in buyer for several years. In
2014, Plugless Power began offering these kits for Chevy Volt, Nis-
san LEAF, and Cadillac ELR. In the years since, Plugless Power has
expanded its lineup to service the BMW i3, Merceds S550e, and
Tesla Model S. The two biggest concerns with wireless chargers so
far have been their speed and efficiency. Multiple wireless charging
companies have demonstrated charging speeds of 20 kW or higher
in tests. Wireless charge prototypes designed for trucks and public
buses can even reach up to 250 kW. General Motors is currently
working with WiTricity to develop a wireless charge system at 7.7
kW and 11 kW [52]. A comparison of these charging systems is
shown in Fig. 9.

Presently, some automotive manufacturers together with govern-
mental transport departments are actively investing in the develop-
ment of dynamic wireless charging for EVs. Nissan achieved 90%
efficiency for their low-power (1 kW) dynamic wireless charging
system at low speed in 2013 [53]. Volvo, in collaboration with the
Swedish Transport Administration, has been working on a dynamic
wireless charging system for electric buses since 2015 [54]. Qual-
comm developed and tested one of the worlds first dynamic wireless
EV charging test tracks. The system is capable of charging an EV
dynamically at up to 20 kW at highway speeds (100 km/h). In
the UK, after the feasibility study of "Powering EVs on England’s
major roads" in 2015, Highways England set up an eighteen-month
off-road trial to help meet their ultimate objective of promoting
the deployment of EVs in the UK by installing wireless charg-
ing systems beneath roads. The UK government has earmarked £
40 million for research programmes into wireless dynamic EVs
charging, so that EVs could soon be able to charge their batteries
wirelessly in public [55].

With the emerging concept of the smart grid, EVs play a new
role: energy exchange with the power grid. These EVs are capa-
ble of not only drawing the energy from the power grid, but also
delivering the energy back to the grid via the bidirectional charger
[56]. Based on the charging/discharging capability of EVs and the
energy-efficient requirement of the power grid, the vehicle-to-home
(V2H), and vehicle-to-grid (V2G) concepts have become more and
more attractive in recent years. In January 2019, Honda presented a
wireless V2G system which was developed with WiTricity [57]. It
is anticipated that wireless V2G, V2H and vehicle-to-vehicle (V2V)
concepts will probably become a reality in the very near future.
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Features Plugless Power

Technology Inductive charging

Normal charging gap 4 in (10 cm)

Standards NEC 625 (NFPA 70), SAE J1772,

UL 2231 and CSA 170.1

GEN 1 system: 3.3 kw-7.2 kw
GEN 2 system: 7.2 kw

Power transfer rates

Efficiency 3.3kw output with 10cm gap: 88.8%
Test GEN 1 system: Chery Volt
Nissan LEAF
GEN 2 system: Tesla Model S
BMW i3
Others Get 20-25 miles of range per hour

parked

Qualcomm Halo

Resonant magnetic inductive
No mind the gap (high energy
transfer over a wide air gap)

ISO, IEC and SAE

3.3 kw-6.6 kw

>90%

3.3 kw and 6.6 kw: Delta E-4
7 kw: Rolls Royce Phantom
102EX

20 kw: Drayson B12/69

Power transfer solutions have
been developed to suit a broad
range of vehicle types

Witricity (DRIVE 11)

Magnetic resonant coupling

Low: 10cm-15¢cm
Med: 14cm-21cm
High: 17cm-25cm
SAE TIR J2954, IEC and ISO

WPT1: 3.6 kw
WPT2: 7.7 kw
WPT3: 11 kw
Up to 94% grid to battery

Delphi Automotive

Parking freedom: X-Y-Z

Fig. 9: Comparison of Plugless, Qualcomm Halo, and WiTricity

In this section, we will discuss the design of static wireless and
dynamic wireless EVs charging systems.

Receiver
Coll

Transmitter
Coil ~—

N gf’m’?:"sam" [ |nr acvoc[ | povac [ erid |
ircul’

Fig. 10: The block diagram of the wireless EV charging system

3.1  Static Wireless EV Charging

The block diagram of a wireless EV charging system is shown in
Fig. 10. There are several constraints to the design of static wireless
EV charging system, as below:

e Increase magnetic coupling as much as possible to obtain higher
induced voltage;

e Increase power transfer efficiency (PTE) for given power capacity
and cost;

e Make the model as compact as possible to fit a given space and
weight;

e Manage changes in resonant frequency and coupling coefficient
due to misalignment of pick-up position, and air-gap variation.

The main research issues of static wireless EV charging systems
can be summarized as follows:

3.1.1 Power Transfer Efficiency (PTE): The major defects of
the wireless EVs charging technology are lower PTE and low pick-
up power [58]. Recent research has focused on the methods for
improving PTE in wireless EVs charging systems. Theodoropou-
los et al. proposed a load balancing control algorithm for wireless
EVs charging to increase efficiency [59]. Some studies have inves-
tigated different types of primary power supply architectures for
wireless EVs charging for maximum efficiency [60, 61]. T.Kan et al.
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proposed a wireless charging system using a double side LCC com-
pensation topology; a compensated coil into the main coil structure
to get high efficiency [62]. C. Cai et al. proposed a dynamic LCL-
S/LCL switch topology in wireless EVs charging system, which can
achieve a constant current in transmitting coil and constant voltage
output [63]. Some researchers have focused on new materials, such
as Y.D.Chung et al., who proposed a high-temperature supercon-
ducting (HTS) resonant coil to improve PTE [64]. The coil structure
design and location will also affect PTE in wireless EVs charging
[65-67].

The most immediate cause of the lower PTE is the low coupling
coefficient induced by a loosely coupled transformer, e.g. the mis-
alignment between transmitter and receiver coils. Meanwhile, the
packaging constraints of most vehicles limit the size of TX and RX
coils [68], thus constrain the implementation of WPT, since the exist-
ing WPT systems are bulky and highly sensitive to axial and angular
coil misalignment [69-74]. Recent research explores mitigating
techniques such as adaptive matching networks [75] and arrayed TX
coil structures[76-78]. Y. Gao et al. propose an alignment sensing
system which is based on magnetic sensing that employs multiple
auxiliary minor coils on the secondary side to position the charging
pad [79]. L. Zhao et al. presents a hybrid wireless EVs charging sys-
tem which uses a combination of the different resonant networks to
fix the pad misalignment [80].

3.1.2  Coil Design: Optimizing the coil material can improve the
system’s PTE. A high Q planar-Litz coil has been proposed which
can promote efficiency by up to 40% when the transfer distance is
0.5 cm [81]. The coil is designed by dividing the wide planar con-
ductor lengthwise into multiple strands to reduce the high frequency
conduction losses and to improve the Q-factor. T. Mizuno et al. pro-
poses a magnet plated copper wire whose circumference is plated
with a magnetic thin film which increases the inductance. Mean-
while, the resistance due to the proximity effect is decreased because
eddy current loss is reduced [82].

The coil size is one important parameter in MRC WPT system
design. A major design constraint for the coil is the space limita-
tion [83], e.g. receiver coil size for biomedical implants should be
small, while the transmitter coil size can be large. However, for EV
charging or industrial applications, both the transmitter coil and the
receiver coil can occupy large spaces. The ratio of the coil diameter
and transmit distance (air-gap) can also affect the transmission effi-
ciency. Assuming a constant Q-factor, if the air-gap (L) is smaller
than half of the coil diameter (R), i.e., L/R < 0.5, the transmis-
sion efficiency will exceed 80%. Furthermore, if L/R < 0.25, the
transmission efficiency can reach 90% [84].

The coil geometry also has effects on transmission efficiency.
Solenoidal coil, flat (or spiral) coil, square coil, and circular coil have



different efficiency according to the literature [85-87]. The flat coil
is widely used in magnetic resonant coupling WPT system. Z.Pantic
gives some experimental comparisons between the solenoidal coil
and spiral coil [88]. J.P.K Sampath et al. [83] and M.Q.Nguyen et
al.[89] propose an experimental analysis of different types of flat
(or spiral) coil design. The power transfer and transmission link
efficiency of the spiral coil can be improved by tuning three geo-
metric parameters which have an effect on the radiation patterns,
namely inner radius, outer radius, and turn number. M.Q.Nguyen
proposes a method to adjust the parameters and eventually optimise
the design of the spiral antenna regarding both field intensity and
circuit efficiency [89].

The Litz wire diameter and the number of turns are two param-
eters for coil design. Optimising the design of the coil can be
performed by either tuning the Litz wire diameter or the number
of turns. The Litz wire diameter should be selected by the current
of the coil, and the number of turns should be designed by the
mutual inductance or the required power output. The space between
wires influences the coupling since the leakage flux tends to directly
close from the wire space. The smaller wire space leads to a higher
coupling coefficient [65]. Ferrite cores are widely used in wireless
EV charging design to increase the PTE, however, it has a tradeoff
between the weight and coupling coefficient. The shielding which is
added to both the primary and secondary coils is an important design
for the wireless EV charging system. The shielding in the primary
coil is designed to block the magnetic flux from going down to the
metal plate below the floor-board of the garage to cause eddy cur-
rent loss. The shield is designed to cut off the magnetic flux in case
it goes into the chassis of the vehicle, which may put the humans in
danger as well as causing energy loss.

3.2 Dynamic Wireless EV Charging

Even though dynamic wireless charging prototypes for EV are con-
tinuously proposed and improved upon for higher efficiency and

lower costs, they are rarely commercialized and the existing com-
mercial operations are limited to electric buses and trams, operating
at low speeds in urban areas [90, 91]. One of the potential reasons
for this is the difficulty in precisely predicting and fast responding
to the charging demands of an EV, particularly a private EV, for
dynamic wireless charging systems. Unlike the ’controllable’ public
electric buses that have fixed routes and almost fixed speeds due to
the arranged schedules, the driving behavior of private EVs is unpre-
dictable as it is influenced by many factors such as personal habits,
traffic conditions, climate, and contingencies. A high fluctuation of
demand is expected due to the sparse monitoring infrastructures and
higher driving speed.

Another reason may lie in the stricter operation requirements of
dynamic wireless charging for EVs. Unlike the plug-in charging and
static wireless charging which normally lasts for hours at low power
rating, the dynamic charging period varies from a few seconds to
minutes, depending on factors including the driving speed, charg-
ing lane configuration and charging schedule [92]. Thus, dynamic
wireless charging requires much higher charging power and faster
balancing response from the charging system and power supply ends
[92-94]. Additionally, in order to ensure the efficiency and extend
the charging time, the existing dynamic wireless EV charging pro-
totypes are limited to fixed slow speeds. Subsequently, more energy
will be consumed. This may pose a great strain on the electrical grid
if more EVs are purchased and more dynamic wireless EV charging
systems are installed and connected to it, particularly during peak
demand time. Situations may even worsen if fossil fuels are still
used as the dominating energy sources resulting in increased carbon
emissions.

Most roadway WPT systems adopt an elongated loop of wire as
the primary line of the power supply, such as the roadway-powered
EVs (RPEVs) and online EVs (OLEV) system, while other sys-
tems choose circular-type coils. Despite its technological advances
comparing with static wireless EV charging, dynamic wireless EV
charging is struggling to perform robustly under large variations of
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Fig. 11: Pad form in dynamic wireless EV charging system
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Type Feature

 Single sided flux generation

* Perform better and be interoperable
with different secondary topologies

e Commonly used in the primary

* Ferrite bars easy to be saturation at
DD Pad high power rate

* No reverse flux to eliminate the
unwanted rear flux

* As a secondary, providing z charge
zone three times than DDP

* Perform better with different
secondary topologies

e Commonly used in the secondary

¢ Variable excitation modes

« Inferior material usage efficiency

* Versatile in central coil design to fit
the airgap

DDQ Pad

eMutually decoupled partially
overlapped coil structure

¢ Almost the same performance of
DDQP used as a secondary

* Using less copper than DDQP

* Perform better with different
secondary topologies

* Commonly used in the secondary

* Almost identical power with DDQ for
given size

B

BDD Pad

Fig. 12: The Feature of DD pad, DDQ Pad, and BDD Pad [56]

lateral misalignment, air-gaps, ambient temperature and humidity,
mechanical shocks and road surface conditions. In addition, its cost
will have to be further reduced so as to make it commercially viable.

There are several design issues with dynamic wireless EV charg-
ing as follows:

e Segmented Power Supply Rail: Segmented power supply rails are
the optimal choice for the dynamic wireless EV charging rails. Each
segment should be turned ON and OFF independently, so it requires
a large number of compensation components and power electronic
converters. In addition, the length of the segmented rail is an impor-
tant design issue because it would be too expensive if the number
of inverters or switch boxes are increased due to the very short
lenghts. On the other hand, the PTE will decrease if the resistance
is increased due to very long lengths.

e Power pulsation phenomenon: One big challenge in dynamic
wireless EV charging system is the output power pulsation. If the
dynamic wireless EVs charging system is of the segmented sup-
ply rail type, the distance between adjacent segments and car length
should be considered in a dynamic wireless EV charging scheme.
The distance between the adjacent transmitters is large enough that
the power pulsation is unavoidable, but the self-couplings can be
neglected. If the separated distance keeps decreasing, the power pul-
sation is further reduced, and the self-couplings between the trans-
mitters have to be considered in the compensation circuit design. F.
Lu et al. proposed an analysis of rail design in dynamic wireless
EVs charging systems which can reduce power pulsations during
the charging process. The system used multiple rectangular unipo-
lar coils at the primary side and another unipolar coil operates as
a receiver at the secondary side [23]. S.Cui proposed a multiphase
receiver in the dynamic wireless EVs charging system to reduce the
output power fluctuation [95]. Y. Wang et.al presented the DDQ type
of the receiver coil and double-side LCC topology can optimize the
system design to solve the output power pulsation problem [96].
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e Coupling coefficient Variation: Due to the inevitable lateral mis-
alignment and air-gap variation during charging, this can affect the
magnetic coupling between a power supply rail and pick-up charger,
and the coupling coefficient of dynamic wireless EV charging sys-
tem may fluctuate greatly [17]. In addition, when the number and
type of cars on the power supply rail changes, the coupling coeffi-
cient changes, which further increases the need for smart coil design
or inverter design to cope with this fluctuation.

e Roadway Construction: For static wireless EV charging, the
charger can be designed as a pad, settled on the garage floor or under
the car park without any environmental impact. However, dynamic
wireless EV charging should adapt to various roadway conditions.
Most of these conditions are unpredictable and uncontrollable, e.g.,
scattered debris, dirt, snow , efc.. Therefore, many variables must be
considered when designing the system.

The pad form design and power supply rail design are fundamen-
tal issues of dynamic wireless EV charging system design:

3.2.1 Pad Form Design: In wireless EV charging systems, the
coupler is usually designed in a pad form. Oakridge National Lab-
oratory (ORNL) started their investigation into inductive dynamic
wireless EV charging in 2011. They are the first group that dis-
covered that the circular coil topology can acheive smaller lateral
tolerance while capacitor regulation at both supply and receiving
sides can effectively smooth power pulsation [98]. In the 1990s,
Auckland University presented a novel circular pad structure (as
shown in Fig. 11 These power pads overcame several physical lim-
itations of common couplers by using multiple smaller bars. (e.g.,
a coil former with further protection provided by the aluminium
and plastic case.) The circular power pads were relatively thinner
compared to standard core topologies, and they were lighter than
conventional circular coupler designs that used solid ferrite discs.
Coupling could be improved in this design compared with a single
ferrite bar. Abla Hariri et al [99] presents a circular pad design that
takes the effect of the magnetic core and the conductive shielding
layers. Moreover, they proposed the Pareto optimality algorithm to
maximize the coupling factor and the quality factor for the coils of
the dynamic wireless EVs charging system. The circular coil is a
popular choice in dynamic wireless EVs charging design, however,
it has restrictions on air-gap length and high output power [100].
The circular-type coils were inadequate for high-power road-power
EVs because of their low-power transfer capability and small lateral
tolerance [101].

In 2011, M. Budhia er al [102] proposed a single-sided polar-
ized pad called the "Double D", as shown in Fig. 11. It was formed
using two coils which were wound to form a north and south pole
internally according to the layout of the coils and must be driven in
series by a single phase inverter. The ferrite was placed behind the
coils which had been arranged into four discrete rows with an air-gap
between each row. The DD pad has significant better coupling than
a circular pad. Other than the novel primary polarized pad design, a
new generic magnetic receiver was proposed called the "Quadrature
Double D", shown in Fig. 11. Comprised of the Double D structure,
a third coil was added in the center of the pick-up. From the exper-
imental results, power transfer in this design significantly increased
and the structure could achieve a higher tolerance to misalignment.

After the double D structure, a Bipolar DD structure was pro-
posed which consisted primarily of two coils of wire. The coils
were partially overlapped and mostly coplanar unless one of them
must be lifted slightly to pass over the other, shown in Fig. 11, the
amount of overlap, in this case, was chosen so that the mutual induc-
tance between the two coils was ideally zero. The ferrite was placed
behind the coils, as with the double D [103]. The Bipolar DD coil
configuration produces a lower maximum power transfer when the
two coils are operated with their currents offset in phase by 90°than
a similarly sized configuration with the currents operated in-phase.
However, the power transfer drops more slowly with offset, and can
thus produce a system with higher tolerance to misalignment.

T. Nguyen et al carried out a feasibility study on bipolar DD pad.
The rectangular bipolar DD coil had better misalignment tolerance
than the circular type [104]. Paper [65] presented an analysis of the
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comparison of the double D (DD) coil and the unipolar coil. More-
over, the research focuses on the coil structure design to achieve the
maximum coupling coefficient in the misalignment case and pro-
vides the optimized sizes of the unipolar and DD type loose coupled
transformer for wireless EV chargers. The results showed that the
coil sizes are designed to have the maximum coupling coefficient
and efficiency. The achievable maximum efficiency is linear with
the size of the secondary coil pad. Z. Zhang et al [105] present a
comparative analysis of the various transmitter coils (circular shape,
rectangle shape, and multi thread), as shown in Fig. 13 and the
receiver is a DDQ coil. The results show that the rectangle-shaped
and multi-thread primary coil can offer higher charging power com-
pared with the circular-shaped primary coil. Furthermore, compared
with the rectangle-shaped coil, the multi-thread primary coil has the
advantage of greater misalignment tolerance and heating dissipation.
There are some other topologies of DD coil, like crossed DD coil
[106], and the unequal DD coil [107]. A comparison of the DD pad,
DDQ pad, and BDD pad is shown in Fig. 12.

3.2.2  Power Supply Rail Design: The ground-side track power
supply is a key part of the dynamic wireless EVs charging system.
The single power supply rail design is the pioneering structure of
dynamic wireless EV charging rail, as shown in Fig. 14a. The sin-
gle rail track is easy to supply power to and had a simple structure
[108], however it causes extra power losses and electromagnetic
field radiation if there is no EV charging. The segmented rail is
the mainstream design nowadays [109]. This configuration greatly
reduces the required number of power supplies for charging multi-
ple EVs and solves the single rail’s problem. Several structures of
the segmented tracks were presented as follows:

Fig. 14b shows a simple system with the power supply run-
ning along the roadway and transfers power to individual sections
through direct connections. The advantages of this segmented rail
are decreased power loss due to the option that different segments
can be turned on at different time periods. Moreover, this design has
high reliability, when one of the segments breakdowns, other seg-
ments can still function normally. The drawbacks of this design are

the high number of converters required can add increase the com-
plexity of control and increase the maintenance and construction
costs.

Fig. 14c is similar to Fig. 14b in that direct connection is used
between the power supply and all charging sections. The difference
is that only one power converter is used in the central power unit
[110]. This design reduces the number of power converter units and
is, therefore, easier to maintain. The disadvantages of the design are
a high loss in the cable connecting the power supply to the segmented
rails; when the power supply breaks down, all of the segmented rails
will stop functioning, thus lowering the system’s reliability.

Fig. 14d shows a double coupled configuration rail that transfers
power from the power supply through a magnetic coupler to each
charging section rather than via direct connection. A simple switch
(such as a bidirectional ac switch) is then used to control the turn
ON and OFF of each individual section [111, 112]. The drawback of
this design is a high requirement of capacitors because they need to
carry full track current at the frequency of operation. Qi Deng [113]
presents a segmental track coil without a position sensor. The method
decides the power switching time through detecting the changing of
the phase angle, and every coil is energized by an ac power circuit
(from an inverter) through a relay.

3.3 Research Trends of Dynamic EVs Charging

3.3.1 Korea Railroad Research Team: One leading research
group is the Korea Advanced Institute of Science and Technology
whose On-line Electric Vehicle (OLEV) is market ready. Launched
in 2009, the OLEV has undergone six generations of development
applying MRC WPT technology. This project solved several prob-
lems such as Low EMF characteristics, further reduction of the
construction cost of time for OLEV with narrow-width power rail,
large lateral tolerances, and segmentation of power rails.

e The 1st generation of OLEV: The 1G OLEV golf bus was
announced on 27 February 2009, and used an E-type core power sup-
ply rail. Fundamentally, its structure was similar to the E-type cored
transformer. The primary core was an E-type segmented structure

Parameters Circular Shaped Rectangle Shaped Multi Thread
Type
Primary
Size: 600mm *600mm Size: 800mm *600mm Size: 800mm *600mm
Type
Secondary
DD-Quad (DD 400mm*600mm; Quad: 500mm*600mm)
Air gap 200mm
Power 7.84 kW 14.04kW 14.01kW
Cost
Per/kW 1.998 £ 1.3342 1.3992
Anomaly
coaficiant 43.8% 56.6% 51.5%

Fig. 13: Comparison between the circular-shaped, the rectangle-shaped and the multi-thread [97]
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with a mechanical supporter, and the secondary pick-up was a con-
ventional E-type structure. As a transformer, lateral misalignment of
both cores severely degraded output power. This misalignment could
happen frequently during driving if it was not for the mechanical
lateral position control for pick-up with 3mm accuracy. Using these
structures, an 80% system power efficiency was obtained with a 1cm
air-gap. At the primary side, the nominal frequency was 20 kHz and
the rated current was 100 A. At the secondary side, the rated load was
2 Ohm and 3kW per pick up was obtained. The biggest weakness
of the 1G OLEV is the limitation of the air-gap, but it successfully
demonstrated the wireless power delivery to a running car [114].

e The 2nd generation of OLEV: The 2G OLEV bus was
announced on 14 July 2009 and used an ultra slim U-type core power
supply rail. In the 2G OLEYV system, the nominal frequency of power
supply was 20kHz and primary rated current was 200A. The rated
load was 6kW per pick-up. The total output power of 52kW with 10
pick-ups and 72% power efficiency was accomplished with a 17cm
air-gap. The distinction of the 2G OLEV was the direction of mag-
netic flux. The U-type core power supply rail structure was proposed
with the direction of magnetic flux at center position being parallel to

IET Research Journals, pp. 1-17
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the ground, with each end position having signifcant fringe effects.
The pole width of the primary core was much smaller than the length
of the pick-up coil. So the effective pick-up width increased as the
air-gap increased. Therefore the magnetic flux transferred from the
primary coil to the pick-up coil was proportional to the root of the
air-gap. In the 2G OLEV system, the proposed core structure made
it possible to achieve about 50% power transfer from the primary
coil to the pick-up coil with 20 cm misalignment. Comparison with
the 1G OLEYV, the air-gap increased from lcm to 17cm, and without
mechanical control apparatus. However, the primary rail length of
the 2G OLEV increased to 140cm due to the return cables for reduc-
ing EMF. That meant the construction cost increased and out power
was limited. To solve this problem, the 3rd generation of OLEV was
proposed [114].

e The 3rd Generation of OLEV: The 3G OLEV sports utility vehi-
cle was launched on 14 August 2009 and used an ultra slim W-type
structure which did not need the return cables. The ultra slim W-type
had a narrow a primary core pole width and wide pick-up core length
meaning it could transfer power with a large air-gap. The return path
of the magnetic flux in the ultra slim W-type was doubled, therefore
the transferred power from the primary core to the pick-up could
be increased, however, the maximum allowable lateral misalignment
was roughly a quarter of the length of the primary coil [114]. In the
3G OLEV with a fish bone like core structure, the amount of the core
was reduced by 1/5 compared to the 2G OLEYV, but the output power
was improved to 17kW per pick-up. The measured power efficiency
for the 3G OLEV SUV was 71% with a 17cm air-gap at the same
nominal primary frequency and current as the 2G OLEV case.

o The 4th generation of OLEV: The 4G OLEV bus was announced
in 2010 with a narrow rail width of 10 cm, a small pickup with a large
lateral displacement at about 24 cm, and a large air-gap of 20 cm was
proposed. The maximum output power of 35 kW and the maximum
efficiency of 74% at 27 kW was achieved. The 4G OLEV proposed
an I-type power supply rail, where the name "I-type" stems from the
front shape of the power rail. In an I-type structure, each magnetic
pole consists of ferrite cores and a turned cable, and the poles are
connected to each other with a ferrite core. Due to this alternating
magnetic polarity of adjacent poles, the EMF for pedestrians around
the power supply rail could be drastically reduced and large lateral
displacement could also be achieved by the wide pick-up [115, 116].
A significant improvement of 4G OLEV was lateral tolerance as well
as a large air-gap, high power efficiency, lower construction cost, and
time reduction. However, the construction cost and time of the power
supply rail should be further reduced for better commercialization
because the construction cost of the power supply rail was critical
for deploying the dynamic EV charging and longer construction time
resulted in more traffic jams and extra deployment costs.

oThe 5th generation of OLEV: The 5G OLEV bus was announced
in 2012. It proposed an ultra slim S-type power supply module with
a 4cm width which could further reduce the construction time and
cost for commercialization. The name "S-type" stems from the front
shape of the power supply rail. Each magnetic pole consisted of
ferrite core plates and power cables, and adjacent magnetic poles
were connected by bottom core plates. The EMF on pedestrians in
close proximity the power supply rail is significantly reduced due to
the opposite magnetic polarity of adjacent poles. From this result,
it was estimated that the S-type version has a lower EMF than the
I-type version because the width of the S-type was narrower than
that of I-type. The maximum efficiency of the 5G OLEV was 71% at
9.5kW and the maximum pick-up power was 22kW with an air-gap
of 20cm. The S-type one led to a reduction in the construction cost
and time for commercialization of dynamic EV charging and a fur-
ther reduction for the EMF generated from a power supply rail for
pedestrians. Moreover, it could lead to larger lateral tolerance of a
charging system [117].

e The 6th generation of OLEV: The 6G OLEV proposed a univer-
sal wireless power transfer (U-WPT) system which could be applied
to both road-powered EVs and general EVs. General EVs could not
only be charged in a conventional stationary charging station, but
also could be charged when they were moving along a road by the
power supply rails of the proposed U-WPT system installed under-
neath the road. This U-WPT system adopted a new coreless power
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supply rail to increase its operating frequency from 20kHz to 85kHz.
The coreless type meant that no ferrite core plate was installed under
the power supply cable. The power supply rail was an important
part for a dynamic EV charging system design, and the shape of
the proposed coreless power supply rail was basically the same as
the U-type and W-type power supply rail [118]. For road-powered
EVs, the power supply rail of an OLEV design was developed by
KAIST, which showed good performance with a high efficiency rate
of 83% and a long air-gap of 20 cm, and operated at the frequency
of 85 kHz used by general EVs. The coreless power supply rail had
several benefits compared to the with-core power supply rail, such
as a lower cost, less insulation voltage stress, the absence of core
loss, and less sensitivity to lateral misalignments for the same power
rating [119].

3.3.2 Oak Ridge National Laboratory (ORNL) Research
Team: The ORNL dynamic EV charging project started in 2011.
ORNL team demonstrated dynamic EV charging in test drives of
the Global Electric Motors (GEM) EV over an energised track con-
sisting of six primary coils. Each coil was planar spiral wound with
seven turns using cable guides interspersed with wedge-shaped fer-
rite flux guides. The ferrite plates were covered with a Kapton sheet
for voltage isolation. The circular coil was designed for operation
at 48kHz. J.M.Miller [98] presented one ORNL dynamic EV charg-
ing system, where the power level was controlled bythe HF inverter
rail voltage. The primary coils connected in pairs and in phase
(i.e.,fountain field), each tuned to 22 kHz. The coil sequencing was
controlled by a vehicle passage using a trackside photocell interrup-
tion. In this dynamic charging system, the passive and active parallel
lithium-capacitor (LiC) unit was used to smooth the grid-side power
and Zlinx radio communications between the vehicle and grid-side

controller. The Maxwell Technologies carbon ultracapacitors (UCs)
pack was used in parallel with a demo vehicle battery pack.

One important aim of the ORNL dynamic wireless charging sys-
tem was to demonstrate grid-side and in-vehicle power smoothing.
Dynamic EV charging could cause power pulsations in the vehicle
battery and the grid supply. These pulsations were due to the motion
of the vehicle capture coil as it passed over a series of roadway
embedded coils and the resultant pattern of alignment and straddling
of their magnetic fields. The battery charging with a pulsating cur-
rent could deteriorate the battery service life. In order to solve this
problem, the local power storage of ORNL used two different high-
power capacitor technologies: a pack of carbon UCs fabricated at
ORNL and operating in passive parallel with the GEM EV battery
pack and LiCs operating in active parallel with the grid-side power
supply. Active parallel meant that a high-power, bidirectional con-
trollable power flow, DC-DC converter interfaced the LiCs to the
DC input of the WPT HF inverter. The experiment results showed
that the vehicle charging current could be smoothed when using car-
bon UC and that the power pulsations were absorbed by the LiC as
expected.

3.3.3  Auckland University Research Team: In 2014 the Auck-
land University research group proposed a new roadway for road-
power EVs using a double-coupled system [120] which had an
intermediary coupler circuit (ICC) with frequency changing capa-
bility between the power supply primary track and each ground
transmitter pad/coils. The proposed double-coupled system used an
elongated primary track to power multiple EVs while at the same
time it allowed independent control of individual charging sec-
tions through the use of an additional circuit called an intermediary
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coupler circuit (ICC) that allowed frequency changing and synchro-
nization without reflecting unwanted volt-ampere reactive (VARs)
onto the backbone supply.

4 Conclusion

Wireless power transfer (WPT) technology is currently undergoing
intense research in both academia and industry. Magnetic resonant
coupling (MRC) WPT plays an important role in WPT technology.
Compared with other WPT techniques, MRC WPT has higher power
transfer efficiency with longer transmit distance. Meanwhile, there
are several issues of MRC WPT, such as misalignment tolerance and
load variation tolerance. High power transfer efficiency is a com-
mon goal for all WPT techniques. By improving the design of the
coil and the circuit, the power transfer efficiency can be improved.
One important application of MRC WPT technology is wireless EV
charging. There are two primary implementations of wireless EV
charging, namely static wireless EV charging and dynamic wire-
less EVs charging. Wireless EV charging technology can improve
the user experience of EVs and offer greater flexibility. Dynamic
wireless EVs charging can reduce the battery capacity requirement,
extending the driving range of an EV. The future uptake of wireless
EV charging faces several challenges including cost, standardisation,
and health and safety.
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