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Abstract—Wireless power transfer system (WPTS)-based
wireless electric vehicles, classified into roadway-powered
electric vehicles (RPEVs) and stationary charging electric
vehicles (SCEVs), are in the spotlight as future mainstream
transportations. RPEVs are free from serious battery prob-
lems such as large, heavy, and expensive battery packs and
long charging time because they get power directly from the
road while moving. The power transfer capacity, efficiency,
lateral tolerance, electromagnetic field, air-gap, size, weight,
and cost of the WPTSs have been improved by virtues of
innovative semiconductor switches, better coil designs,
roadway construction techniques, and higher operating
frequency. Recent advances in WPTSs for RPEVs are sum-
marized in this review paper. The fifth- and sixth-generation
online electric vehicles, which reduce infrastructure cost
for commercialization, and the interoperability between
RPEVs and SCEVs are addressed in detail in this paper.
Major milestones of the developments of other RPEVs are
also summarized. The rest of this paper deals with a few
important technical issues such as coil structures, power
supply schemes, and segmentation switching techniques
of a lumped inductive power transfer system for RPEVs.

Index Terms—Roadway powered electric vehicle (RPEV),
wireless electric vehicle (WEV).

|. INTRODUCTION

IRELESS electric vehicles (WEVs) using wireless

power transfer systems (WPTSs), which are classified
into roadway powered electric vehicles (RPEVs), also referred
to as dynamic charging electric vehicles, and stationary charging
electric vehicles (SCEVs), have recently been in the spotlight
as attractive alternatives to internal combustion vehicles. Pure
battery EVs (PEVs), hybrid EVs (HEVs), plug-in hybrid EVs
(PHEVs), and battery replace EVs are also proposed. Among
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them, the charging of PEVs and PHEVs has gradually changed
from wired type to wireless type, which is the background of
actively studied SCEVs.

Generally, WPTSs for WEVs can be divided into inductive
power transfer systems (IPTSs) [1]-[64], coupled magnetic res-
onance systems (CMRSs) [65]-[67], and capacitive power trans-
fer systems (CPTSs) [68]. It seems that these three WPTSs are
totally different from each other; however, CMRSs are found to
be just a special form of IPTSs having an extremely high quality
factor (Q) [67]; also, it has been verified that 5-m-long-distance
wireless power transfer can be effectively achieved with IPTSs
using optimally shaped two dipole coils [97] instead of multiple
CMRS coils. Moreover, the CMRSs not only have difficulty in
maintaining resonance conditions due to their extremely high O
but are also too bulky to be installed at the bottom of a vehicle.
For these reasons, CMRSs are far from the right candidate for
WEVs [69]. Therefore, IPTSs have been considered as the most
appropriate WPTS and are commonly used for RPEVs because
they are not constrained from the aforementioned problems of
CPTS and CMRS [69]. Among WEVs, RPEVs are becoming
the most promising candidate for future transportation because
they are ideally free from large, heavy, and expensive batteries,
and get power directly while moving on a road. For more than its
100-year history, significant improvements of [IPTSs for RPEVs
in their power transfer capacity, efficiency, lateral and longi-
tudinal tolerances, electromagnetic field (EMF), air-gap, size,
weight, and cost have been achieved by virtues of innovative
semiconductor power switches, coil designs, roadway construc-
tion techniques, and higher operating frequencies. Despite the
fact that RPEVs are free from battery problems, RPEVs have
not been widely used so far due to high initial investment cost
for commercialization. To cope with this problem, in addition to
new RPEV technology to effectively reduce the cost, strong mo-
tivation to build national infrastructures for RPEVs with public
consent is needed. So the best deployment scenario would be
that SCEVs are completely compatible with the IPTSs built for
RPEVs. SCEVs will be widely deployed in the near future to
replace the wired EV chargers of PHEVs and PEVs due to the
convenience and safe operation of SCEVs. As a result of the
growing interest in SCEVs, in 2010, the society of automotive
engineers (SAE) established the SAE J2954 wireless charg-
ing task force to set the comprehensive standards for SCEVs
such as transmitter and receiver coils, a feasible operating fre-
quency band, air-gaps, power transfer levels and efficiencies,
control strategies, foreign metal and living object detections,
communication protocols, and magnetic and electric field regu-
lations [70]. The standards are planned to be published in 2016,
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Fig. 1.

Configuration of the IPTS for an RPEV.

and it would be, therefore, worthwhile for us to follow up the
SAE J2954 standard and design the IPTSs for RPEVs in ac-
cordance with the SAE J2954 for the interoperability between
RPEVs and SCEVs.

As a follow-up to the previous review paper that dealt with a
full history of WPTSs for RPEVs from their advent in the 1890s
and important design considerations [69], recent studies of the
past couple of years are newly summarized in this review paper.
Above all, important technical issues in the new developments
of the fifth- (5G) and sixth-generation (6G) online electric ve-
hicles (OLEVs), which highly focus on the reduction of initial
investment costs for commercialization as well as the interoper-
ability between RPEVs and SCEVs, are addressed, while major
milestones of the developments of other RPEVs are newly sum-
marized. In the rest of this paper, some important technical
issues, such as coil structures, power supply schemes, and seg-
mentation switching techniques of a lumped IPTS for RPEVs
have been addressed.

[l. FUNDAMENTALS OF RPEVS
A. Overall Configuration of RPEVs

As mentioned in the introduction section, most of the re-
cent research teams for RPEVs adopt IPTSs for wireless power
transfer purposes due to their highly efficient and robust power
transfer characteristics to lateral displacements as well as rela-
tively small transmitter and receiver coils compared to CMRSs
and CPTSs. In general, the IPTS consists two subsystems [69]:
one is the roadway subsystem to transfer power, which includes
an HF inverter, a primary capacitor bank, and a power supply
rail (or transmitter). The other one is the on-board subsystem to
receive power from the roadway subsystem, and this includes a
pick-up coil (or receiver), a secondary capacitor bank, a rectifier,
and a regulator for a battery pack, as shown in Fig. 1.

B. Fundamental Principles of the IPTS

The IPTSs are basically governed by Ampere’s and Faraday’s
laws among four Maxwell equations. The time-varying mag-
netic flux is generated from the ac current and unwanted leak-
age magnetic flux exposed to pedestrians and other electronic
systems should be effectively mitigated to meet the ICNIRP
guidelines [71], [72] and EMC tests for commercialization. For
the EMF issue, therefore, there have been two main techniques:
one is power rail segmentation techniques dividing a long power
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Fig. 2. Equivalent circuit of the current source series—series compen-
sation (I-SS) scheme for an IPTS for RPEVs.

rail into multiple short power rails to selectively turn on power
rails when RPEVs are on the power rails [69]. The other one
is EMF cancellation techniques, which are divided into two
methods: one is passive EMF cancel methods using 1) high-
conductivity materials to cancel the unwanted magnetic flux
by using induced eddy-current on the material surface or using
2) high-relative-permeability materials to guide the unwanted
magnetic flux to the intended directions by providing a low
magnetic reluctance path. The other one is active EMF cancella-
tion methods [73]-[82], which include several complex systems
such as additional coils, power sources, phasor detectors, and
controllers to generate the opposite magnetic flux to cancel the
unwanted magnetic flux. In addition, compensation circuits are
necessary for an IPTS of RPEVs to maximize its output power.
It is critical to select an appropriate compensation circuit at the
beginning of IPTS designs, considering critical electrical char-
acteristics such as maximum efficiency conditions, maximum
load power transfer conditions, load-independent output power
conditions, coupling coefficient independent compensation con-
ditions, and allowance for the absence of RPEVs. Among many
compensation schemes, the current source series—series com-
pensation scheme, as shown in Fig. 2, as well as the current
source series—parallel compensation scheme, are viable solu-
tions to meet all the mentioned electrical characteristics [83].

C. The Early History of RPEV

The origin of the RPEV is found in the U.S. patent of the
transformer system for electric railways by Hutin and Leblanc
in France in 1894 [1], and the basic configuration of this trans-
former system is almost the same as modern IPTSs. Moreover,
several important design features of IPTSs for RPEVs, such as
the deployment of power supply rails, compensation schemes,
high-power transfer to pick-up coils, and reduction of conduc-
tion and eddy current losses, have been claimed in the patent.
About 100 year later, as a result of the growing interestin RPEVs
due to the oil crisis in the 1970s, three projects were under-
taken in the U.S. to investigate RPEVs in order to minimize the
petroleum use of vehicles [2]-[9]. The first project was started in
1976 by the Lawrence Berkeley National Laboratory while the
Santa Barbara Electric Bus Project was started in 1979. During
these two projects, several prototype RPEVs were developed
but not appropriately operated. After the previous two projects
of RPEVs, the University of California, Berkeley, undertook the
Partners for Advanced Transit and Highways (PATH) program
in 1992 to validate the technical viability of RPEVs. Through
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the PATH program, broad investigation and field tests on RPEV's
were performed and the PATH team developed the first RPEV
buses, which achieved an efficiency of 60% at an output power
of 60 kW with a 7.6 cm air-gap [69]. The RPEV buses, however,
had not been commercialized because they used a low operating
frequency of 400 Hz due to the absence of fast power switches,
good ferrite cores, and litz wires. As a result, a high-power rail
construction cost of around 1 M$/km, a large power rail current
of thousands amperes, a heavy power supply and pick-up coils,
acoustic noises, and low system efficiencies were obtained. In
addition, the small air-gap, lateral tolerance, and large EMF
level are not acceptable for its commercialization.

IIl. DEVELOPMENTS OF OLEVs

Since 2009, the OLEV project has been conducted by a re-
search team led by KAIST [10]-[43], and this project has solved
most of the remaining problems of the PATH project for com-
mercialization such as high-frequency current-controlled invert-
ers, continuous power transfers, low EMF characteristics [10]-
[16], [18]-[20], dynamic response analysis for high-order IPTS
with the general phasor transforms [17], [21], [27], [40], [98]
further reductions of the construction cost and time for RPEVs
with narrow-width power rails [22], [23], [25], [26], [28], [41],
active EMF cancellations [24], [31], [35], [43], magnetic mirror
models for its inductance analysis [36], large lateral tolerances
[37], [38], [42], and segmentations of power rails [29], [30],
[32], [33], [39]. Throughout the OLEV project, innovative coil
designs and roadway construction techniques as well as a rea-
sonably high operating frequency of 20 kHz realized the highest
power efficiency of 83% at an output power of 60 kW with a
large air-gap of 20 cm and a fairly good lateral tolerance of
24 cm [26]. Moreover, the power rail construction cost of the
OLEY, which accounts for more than 80% of the total commer-
cialization cost for RPEVs [69], has been dramatically reduced
to at least a third of that of the PATH project. By virtue of the
high operating frequency, the power supply current has also been
reasonably mitigated by 200 A, and the battery size has been
significantly reduced to 20 kWh, which can be further reduced
by increasing the length of power supply rails.

Throughout the OLEV project, the first- (1G), second- (2G),
third- (3G), upgraded third- (3" G), and fourth-generation (4G)
OLEVs have been developed by KAIST [69] and extensively
tested at the test sites at KAIST since 2009, as shown in Fig. 3.

Among them, the 3* G OLEV has been widely deployed in
Korea and firstly commercialized at a 48 km route in Gumi,
Korea. In addition, the 37 G OLEV bus has been newly com-
mercialized in two bus routes, 12 km in length, respectively,
in Sejong, Korea since June 2015. In the rest of this section,
the new developments of the 5G and 6G OLEVs, which are
highly focused on the reduction of the initial investment cost
for its commercialization as well as the interoperability be-
tween RPEVs and SCEVs to strongly promote the commercial-
ization of RPEVs, will be primarily addressed since the full
development history of the 1G, 2G, 3G, 3" G, and 4G OLEVs
were already addressed in a previous review paper [69]. Now,
the development of the 5G OLEV, which adopted an ultra-slim
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Fig. 3. Deployment status of OLEVs in Korea.

S-type power supply module of 4 cm width to further reduce
the power supply rail construction cost and time, is in the final
stage of development [41], while that of the 6G OLEV using a
new coreless power supply rail for the interoperability between
RPEVs and SCEVs is in the early stages of development [84].

A. 5G OLEV

Through the developments of the previous OLEVs, a signifi-
cant improvement in lateral tolerance as well as a large air-gap,
high-power efficiency, lower construction time and cost have
been achieved. The construction cost and time of the power
supply rail, however, should be further reduced for better com-
mercialization because the construction cost of the power supply
rail is critical for deploying the RPEVs and long construction
time results in more traffic jams and extra deployment costs.

In order to mitigate these problems, the 5G OLEV adopted an
ultra-slim S-type power supply rail for RPEVs with a maximum
output power of 22 kW for a flat pick-up, having an air-gap of
20 cm and a lateral tolerance of 30 cm [41]. The S-type power
supply rail, where the name “S-type” stems from the front shape
of the power supply rail, as shown in Fig. 4(c), has an ultra-slim
width of only 4 cm by virtue of the S-type configuration, which
has been decreased more than two times compared to that of the
I-type power supply module for the 4G OLEV.

Each magnetic pole of the S-type power rail consists of ferrite
core plates and power cables, and the adjacent magnetic poles
are connected by bottom core plates, as shown in Fig. 4(a).
The EMF for pedestrians around the power supply rail can be
significantly reduced due to the opposite magnetic polarity of
adjacent poles, as shown in Fig. 4(b). The EMF generated from
the I-type power supply rail and a flat type pick-up coil set,
which is basically the same structure of the proposed S-type
one, was as low as 1.5 uT at a distance of 1 m from the power
supply rail [41]. Therefore, the S-type one has a similar EMF
to the I-type one, which is well below the ICNIRP guideline of
27 uT. Moreover, a large lateral displacement dj,; is obtained
[41] due to the small width w, of the S-type power supply rail
for a given pick-up width w,, as in
dlat = % - %

2 2 M
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including two magnetic poles [41]. (a) Bird’s eye view for two unfolded
modules. (b) Top view of a folded module.

From the experimental verifications, a large lateral tolerance
of 30 cm at an air gap of 20 cm was experimentally obtained,
which is 6 cm larger than that of the I-type power supply rail
[41]. The proposed S-type power supply rail adopts a module
concept, as shown in Fig. 5(a), and makes it easier to fold itself
by virtue of flexible thin power cables. Therefore, no power
cable connection is required after being deployed, as shown
in Fig. 5(b).

On the other hand, the only demerit of the S-type power
supply rails is relatively large self-inductance of a power sup-

Fully deployed case. (b) One-third folded case. (c) Two-thirds folded
case. (d) Completely folded case.

(a) (b)

Fig. 7. Aluminum box and capacitor banks for the S-type power supply
modules [71]. (a) Separated case. (b) Inserted case.

ply rail compared to previous power supply rails, which can
result in large voltage stresses between power supply rails.
This is because the structure of the S-type one generally needs
a high number of power supply rail turns and this problem,
however, can be effectively mitigated by adopting distributed
compensation capacitor banks between power supply rails [94].
The S-type power supply module was fabricated, as shown in
Fig. 6. The S-type power supply module includes S-type power
supply rails, a transparent module cover, and an aluminum box
for capacitor banks for better heat transfer to the ground. As
shown in Fig. 7, the capacitor bank should be smaller than the
aluminum box to be inserted into it and electrically isolated
from the aluminum box because aluminum is a conductive ma-
terial. Moreover, each module, which has two magnetic poles, is
serially connected to the capacitor bank installed in an adjacent
module in order to mitigate high voltage stress for a capaci-
tor bank due to the large self-inductance of the power supply
rail. With the flexible thin power cables having a diameter of
0.9 cm, it is possible to connect the cables for power supply
modules at the factory instead of at the construction site, thus
avoiding a long construction time, which leads to traffic jams
and additional construction costs.

For commercialization, power supply modules should be ro-
bust to high humidity as well as repetitive external mechanical
impacts for at least 10 years [69]. As a remedy, the S-type power
supply module can be filled with epoxy to reinforce the S-type
power supply rail and to protect the module from high humidity
while the module cover endures external mechanical impacts.
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TABLE |
CHARACTERISTICS OF |-TYPE AND S-TYPE POWER SUPPLY RAILS [41]

I-type (4G OLEV)  S-type (5G OLEV)

Rail width 10 cm 4cm
Lateral tolerance 24 cm 30 cm
Air-gap 20 cm 20 cm
Output power 27 kW/pick-up 22 kW/pick-up
Efficiency 74% at 27 kW 71% at 22 kW

<

Charging pad

Charging station
for SCEVs

High frequency inverter

Power supply rails for RPEVs

Fig. 8. Ideal concepts for SCEVs compatible with power supply rails
for RPEVs [84].

In conclusion, the characteristics of the I-type and S-type
power supply rails are summarized, as shown in Table I.

Except for the rail width reduction and lateral tolerance
increase, the output power and efficiency of the S-type one
are slightly inferior to those of the I-type one, assuming that
the pick-up size and ampere-turn of the power supply rail
are the same. For readers who are interested in the detailed
design issues and experimental verifications for the 5G OLEV
of the S-type power supply rail is recommended to refer
to [41].

B. 6G OLEV

Although RPEVs are free from the battery problems and are
ready for commercialization, RPEVs have not been widely used
so far due to the huge initial investment cost. To cope with this
problem, we may need strong motivation to build the national
infrastructure for RPEVs with public consent. So one of the best
deployment scenarios would be that SCEVs are designed to be
completely compatible with IPTSs for RPEVs to be wirelessly
charged while moving on a road, as shown in Fig. 8, because
there is no doubt that SCEVs will be widely deployed all over
the world in the near future to replace wired EV chargers due to
SCEVs’ convenience and safe operation. However, the design
considerations of an IPTS for RPEVs are quite different from

Pick-up cable

Pick-up cable
Pick-up
core plate

(a)

Go cable Go cable

Current direction Current direction

l’nw;;"‘ supply
core plate
Return cable

Curvent direction Current direction

(b) (c)

Fig. 9. Conceptual scheme of the proposed coreless power supply rail
for both RPEVs and SCEVs [84]. (a) A rectangular pick-up coil for SCEV's
in accordance with the SAE J2954. (b) Proposed coreless power supply
rail. (c) Conventional power rail used for the 3G and 3G+ OLEVs.

those of SCEVs because the IPTS for RPEVs should meet ad-
ditional system requirements such as low construction cost and
time, low voltage stress, large lateral tolerance, high-power de-
livery capability, and continuous power delivery while moving
on the road.

In order to manage the interoperability issue between RPEV's
and SCEVs to the satisfaction of the design goals for RPEVs,
the 6G OLEVs, using a new coreless power supply rail, were
recently proposed [84]. As shown in Fig. 9, the shape of the pro-
posed coreless power supply rail is basically the same as the U-
and W-type power supply rails, which were used for the 3G and
3G + OLEVs, but there is no core plate. Therefore, the proposed
coreless power supply rail can generate a uniform magnetic field
along a road, and a rectangular pick-up coil determined by the
SAE J2954 for SCEVs, as shown in Fig. 9(a), is completely com-
patible with the power supply rail for RPEVs and continuously
gets uniform output power when moving on the road. More-
over, the construction cost and time of the proposed coreless
power supply rails can be further reduced with the elimination
of concrete forming works, which have been used for protecting
core plates from external impacts, compared to the conventional
with-core power supply rails because the concretes are no more
needed for coreless rails and the concrete-forming works re-
quire at least 2 weeks for its hardening. Meanwhile, the large
voltage stresses on both the compensation capacitor bank and
distributed power supply rail V;; are a unique feature of RPEVs,
and this is one of the main reasons that the operating frequency
is limited by around 20 kHz [69] because the voltage stress is
directly proportional to its operating frequency f, as well as its
power supply current I as follows:

Vii = jwsLipnls " ws = 2nfs (2a)
8‘/21 . 3L“
—_— = oI —— 2b
ox JWs s ox (2b)

In accordance with the magnetic mirror model [36], however,
it is well known that the self-inductance of a power supply rail



6538

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 63, NO. 10, OCTOBER 2016

Pick-up cable (green) | Plap calile (o 3

- Pkl:-_f:p core plate | I'lct_up core plate

Pawer supply cable
(brown rectangular)

Power supply cable

(a) (b)
: o e
f—S0om S
£ = —1 I ¥ :"
o | H §
H 4 4+ I

Pick-up exble (grees) { Toom
" iastalied sader phek-ap core i

—_—r

e, Fromtview |

............. =

Fig. 10. Maxwell simulation models for the proposed coreless power
supply rail with a rectangular pick-up [84]. (a) Bird’s eye view of the pro-
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with core plates can become two times that without core plates
when core plates are infinitely long and its relative permeabil-
ity is infinite; hence, it is expected that the proposed coreless
power supply rail will have about a half of its previous voltage
stress due to its reduced inductance so that the operating fre-
quency can be increased from 20 to 85 kHz to meet the SAE
J2954 standard for SCEVs with only about two times the volt-
age stress compared to that of 20 kHz for a given rail current.
Moreover, it is also expected that the proposed coreless power
supply rail can guarantee a large lateral tolerance compared to
the conventional with-core power supply rails because the self-
inductance variation of the pick-up coil along to lateral displace-
ments is small enough to be negligible when a coreless power
supply rail is used. In order to validate those unique characteris-
tics of the proposed coreless power supply rail, two simulation
models, which are with-core and coreless power supply rails
with a rectangular pick-up for SCEVs, are proposed, as shown
in Fig. 10.

From the simulation results, it is found that the self-
inductance of the proposed coreless rail is about half that
of the conventional with-core power supply rail, as shown in
Fig. 11(a). At the same time, the mutual inductance of the pro-
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Fig. 13.  Configuration of the IPTS for a high-speed train [85].

posed coreless power rail also becomes half that of the conven-
tional with-core power rail, as shown in Fig. 11(b).

Moreover, the self-inductance variation of a pick-up coil with
the proposed coreless power supply rail is negligible along lat-
eral displacements, as shown in Fig. 12, which means that the
proposed coreless power supply rail can guarantee a larger lat-
eral tolerance of RPEVs and SCEVs compared to the conven-
tional with-core power supply rail [84].

IV. RESEARCH TRENDS OF RPEVS BY OTHER RESEARCH
TEAMS

Among other research teams, a couple of active research
teams such as Auckland, Bombardier, and ORNL teams are not
addressed in this section since the previous review paper already
dealt with important design considerations of their WPTSs for
RPEVs [69]. In this section, therefore, three research teams,
which have reached the development level of full-sized WPTSs
for RPEVs, are newly addressed in this paper.

A. Korea Railroad Research Institute (KRRI) Team

Since 2012, the KRRI team has been developing IPTSs for
a high-speed train and achieved a maximum output power of
820 kW with a system efficiency of 83% at an air-gap of
5 cm [85]. For the small pick-up size as well as cost reduction
in the IPTS, an operating frequency of 60 kHz, which is three
times of that used for the 1G, 2G, 3G, 4G, and 5G OLEVs, was
adopted while a single-phase power system was used instead of a
three-phase power system due to its simple control and low-cost
characteristics, as shown in Fig. 13. To realize the 1 MW level
high-frequency inverter, five 200 kW level full-bridge pulse
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Fig. 14.  Block diagram of the high-speed train with the IPTS [85].
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speed train [85].

amplitude modulation resonant inverters using insulated gate
bipolar transistor (IGBT) modules were connected in parallel
for cost effectiveness [85].

Moreover, four pick-up sets, i.e., 200 kW for each pick-up set,
are connected in parallel, and the output voltage of the pick-up
sets is directly controlled by resonant inverter currents through
the voltage sensor and wireless feedback systems to rapidly
adjust the traction inverter input voltage of 2800 Vp ¢, as shown
in Fig. 14, without any additional regulator and batteries, which
would lead to large volume, weight, and cost problems on the
pick-up side [85].

As mentioned in the previous section on the 6G OLEYV, the
large voltage stress on both the compensation capacitor banks
and power supply rails becomes a significant problem of the
high-power level IPTS using a high operating frequency of
more than 20 kHz. As a remedy for this problem, it is es-
sential to use distributed compensation capacitors, and they are
connected in series with the transmitter and pick-up coils to
effectively reduce the voltage stress between power cables, as
shown in Figs. 15 and 16. The structure of the power supply
rail and pick-up used for the IPTS is basically the same as the
3G and 3" G OLEVs because these structures can guarantee
several significant advantages such as low construction cost and
time, high-power transfer capability, continuous power transfer
along a rail, and low EMF characteristics. For the system in-
tegration test, KRRI made a 128-m-long power supply rail, as

l.ayer 1 Layer 2
Single
:hannel L
" K'nn uH' '_qﬂvt\lk—‘ 710 uH '.I'III uH
< BEquivalent circuit of a channel > < Fabricated pick-up>
Fig. 16.  Schematic diagram and photos of the pick-up for a high-speed
train [85].

Transmitter &=

View of the high-speed train with the IPTS [85].

Fig. 17.

shown in Fig. 17. From this integration test, the high-speed train
using the IPTS successfully operated and accelerated to a speed
of 10 km/h.

B. Endesa Research Team

Since April 2013, Endesa has been involved in the vehicle
initiative consortium for transport operation and road induc-
tive application (VICTORIA) project and has adopted the triple
charging technologies such as conventional plug-in, stationary,
and dynamic charging systems based on an IPTS for RPEVs, as
shown in Fig. 18. Hence, RPEVs can be charged by a plug-in
charger when parked at a bus terminal during night, and during
the daytime, RPEVs can be partially charged at wireless charg-
ing bus stops and bus lanes equipped with power supply rails
while moving over them to extend the vehicles’ driving ranges
[86]. For stationary and dynamic charging, Endesa did not adopt
multiple small pads but rather a power supply rail to guaran-
tee several advantages such as its continuous power transfer,
low construction cost and time, and simple control characteris-
tics; with a rectangular pick-up, the U-type power supply rail,
which had been used for the 2G OLEVs developed by KAIST in
2011 [69], was used for an interoperability between stationary
and dynamic charging, as shown in Fig. 19. For demonstra-
tion purposes, as shown in Fig. 20, an RPEV with a maximum
power transfer of 50 kW has been deployed and operated in the
10 km bus route of the Number 16 bus in Malaga, Spain since
December 2014.
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Fig. 21.  Scheme of ten-segmented power rails in Malaga, Spain [88].

Fig. 22. INTIS test center having a 25-m-long track for the IPTS of
SCEVs and RPEVs [90].

Within the total bus route of 10 km, ten-segmented power sup-
ply rails were installed along the route, totaling 300 m in length,
where the eight-segmented power supply rails had an interval
of 12.5 m for dynamic charging, and the interval between other
two-segmented power supply rails was 300 m for stationary
charging, as shown in Fig. 21. Moreover, a self-guided control
system, which automatically controls the steering wheel to fol-
low the center of a road in the same way as in the 1G OLEYV,
has been adopted to minimize lateral displacements for its effi-
cient power transfer [88]. Unfortunately, there is not much open
access information about the Endesa team’s works compared to
that of the other research teams.

C. Integrated Infrastructure Solution (INTIS) Research
Team

The INTIS has been investigating the IPTS for both SCEVs
and RPEVs to provide engineering services and consulting from
developments to field tests since 2011 [89]. Now, INTIS has its
own 25-m-long power supply rail in a test center in Lathen,
Germany, as shown in Fig. 22, and the test center can be used
to evaluate IPTSs for SCEVs and RPEVs from the component
level to the completed system level.

Based on a single-phase power system, the test power supply
rail of the IPTS for SCEVs and RPEVs is available for tests up to
a maximum output power of 200 kW at an operating frequency
of up to 35 kHz while the double U-type power supply rail,
which has two U-type power rails in parallel, is adopted at the
test center, as shown in Fig. 23. So far, INTIS has developed
two IPTSs for SCEVs and RPEVs [91], which used an operating
frequency of 30 kHz for the maximum output power of 30 kW
at an air-gap of 10 cm, as shown in Fig. 24.

V. FEW TECHNICAL ISSUES OF RPEV

As an alternative to the long power supply rail scheme [69],
which has been widely used for the wireless powering of RPEVs
due to its strong advantages, a lumped IPTS including many
small power pads was introduced, where the size of a power



MI et al.: MODERN ADVANCES IN WPTS FOR RPEVs

6541

Fig. 23.  Test frame for a pick-up (left) and double U-type power supply
rail (right) used in the test center [90].

Fig. 24.  Power supply rails and pick-up coils for SCEVs (left) and
RPEVs (right) developed by INTIS [91].

pad is almost the same with that of a pick-up coil to avoid
unwanted energizing and leakage magnetic fluxes [54]. In this
section, a few important technical issues, such as coil structures,
power supply schemes, and segmentation switching techniques
of a lumped IPTS for RPEVs, are addressed, which were not
significantly dealt with in our previous review paper [69].

A. Coil Structures

In general, a lumped IPTS utilizes a string of primary coils
deployed under the road surface at discrete locations to transfer
power inductively to a secondary coil (or pick-up) onboard a
moving EV. The coupling coefficient between a primary coil
and pick-up coil is a fundamental parameter in determining the
power transfer efficiency and power transfer capability of any
IPTS; it depends not only on the coil distance, which changes
during the vehicle motion for the dynamic wireless power trans-
fer (DWPT), but also on the misalignment and shape of the coils
[92]. There are two main classes of coils: unipolar and bipolar.
A unipolar coil is characterized by the presence of only one
magnetic pole in each coil face. The coil has simple topologies,
such as circular, square, and spiral. The flux lines leave the coil
face with a north pole and enter into the coil face with a south
pole going around the coil edge. A bipolar coil has a more com-
plex topology, with the coil faces having both north and south
poles. In this case, the flux lines leave the region of the coil
face with the north pole and enter into the region with the south
pole on the same coil face. Flux lines are, hence, confined in
the space over (and under) the coil, thereby increasing the cou-
pling coefficient with an overhead bipolar coil and reducing the
concern about field shielding. In both the coil classes, leaning
the coil against a flat ferrite core contributes to increasing the
coupling coefficient.

An effective bipolar coil topology has the double-D (DD)
shape, as shown in Fig. 25(a), where the D geometry is squared.
By this topology, the coupling characteristic of a unipolar two-
coil coupling is greatly outperformed. A DD coil is made of two

(a) (b)

Fig.25.  Simulation models of (a) double-D (DD) coils and (b) double-D
quadrature (DDQ) pick-up coil.
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Fig. 26. Mutual inductance plots: (a) motion in the y direction, and
(b) motion in the x direction (x, y scales are arbitrary).

D-shaped sections placed back-to-back in the same plane. The
sections are electrically connected to produce opposite mag-
netic polarities over their faces. When a DD-shaped pick-up is
superimposed on a primary DD coil, the flux generated by each
section of the primary coil is linked with the corresponding sec-
tion of the pick-up and the voltage at the pick-up terminals is
the sum of the voltages induced in its two sections.

With circular two-coil coupling, the profile of the mutual in-
ductance has a radial symmetry with respect to the distance from
the center of a coil. Instead, the profile of the mutual inductance
of a DD two-coil coupling does not have such a symmetry and
is commonly given along two orthogonal directions: one or-
thogonal to the back-to-back side of the DD coil, denoted as
the x direction, and the other one parallel to the back-to-back
side of the DD coil, denoted as the y direction. The y-direction
mutual inductance has the smoothly varying profile shown in
Fig. 26(a), similar to that of a circular two-coil coupling. Instead,
the x-direction mutual inductance drops to zero even when the
pick-up is moving over the primary DD coil. Indeed, as a pick-
up moves to the x-direction from the primary coil position, the
fluxes generated by the two sections of the primary DD coil and
linked with each section of the DD-shaped pick-up are equal and
of opposite signs. The relevant profile of the mutual inductance
is shown in Fig. 26(b).

At the distance of zero-mutual inductance, the voltage in-
duced in the pick-up as well as the power transfer is zero. This
particular pick-up position is called a null power point.

The presence of the null power point severely impairs the
power transfer capability of a DWPT system when the pick-up
travels along the x direction; instead, if the pick-up travels along
the y direction, possibly with a small misalignment in the x
direction, there is no null power point; in practice, however, the
condition of small misalignment is difficult to maintain along
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the full travel so that the motion along the y direction is also
impaired by the presence of the null power point. To overcome
such a drawback, an additional coil is placed in the center of the
pick-up, as shown in Fig. 25(b). This coil, named a quadrature
coil (Q-coil), captures the flux produced by the primary DD
coil around the null power point of the DD-shaped pick-up so
that the pick-up as a whole, when moving over a primary coil,
always has the capability of receiving power from it. The dashed
line in Fig. 26(b) shows the profile of the mutual inductance of
the Q-coil; its maximum is just in correspondence of the drop of
the mutual inductance of the DD-shaped pick-up (solid line) and
has a magnitude comparable to that of the DD-shaped pick-up
so that the power it receives compensates almost entirely for the
null power point of the DD-shaped pick-up.

B. Power Supply Scheme

At a given instant, many EVs can move on the road, and their
pick-ups are coupled with different primary coils. In general,
however, some primary coils remain uncoupled. If energized,
they are affected by losses and, furthermore, constitute a haz-
ard for the nearby people and environment due to the generated
magnetic field. To deal with this issue, only the primary coils
covered by pick-ups are energized and execute the power trans-
fer. This technique is termed primary segmentation. There are
basically two supply arrangements that implement segmenta-
tion. One utilizes the straightforward approach of equipping
each primary coil with an individual inverter, as shown in
Fig. 27(a). The inverter is turned ON and OFF when the pres-
ence and absence of an overhead pick-up are detected. The
merits of the arrangement are the usage of low-power inverters
and separate resonant compensations of each primary coil, with
an improvement in reliability and performance of the DWPT
system. The drawback of the arrangement is the deployment of
a large number of inverters and sensing devices.

The other arrangement consists of supplying a string of pri-
mary coils with a common inverter and in endowing each coil
with a switching device, as shown in Fig. 27(b). The switching
device is turned on and off when the presence and absence of an
overhead pick-up is detected. The merit of the arrangement is
the usage of only one inverter; its shortcoming is the deployment
of a large number of sensing and switching devices.

C. Segmentation Switching Technique

Implementation of segmentation by means of the previously
described arrangements increases the cost and complexity of the
DWPT systems. To cope with these inconveniences, a different
solution, reflexive segmentation, has been proposed in [93]. It

Fig. 28. Conceptual layout of the reflexive segmentation.

Fig. 29. Primary coil current regulation circuit.

still uses a common inverter for the supply of a string of primary
coils but does not make use of sensing and switching devices.
As for the arrangement in Fig. 27(b), the primary coils are
connected in parallel to the inverter output, as shown in Fig. 28.

The combined effect of the self-inductance of the primary
coils, which are not compensated for by a capacitor in this pro-
posal, and the high-frequency supply makes the coil impedance
very high under uncoupled conditions. Therefore, the current
flowing in the uncoupled primary coils is low, and the magnetic
field generated by them is weak. When a primary coil is cou-
pled to a pick-up, the impedance of the latter one is reflected
to the primary coil. By setting up the pick-up with a reactive
network that, when reflected is able to compensate for the reac-
tance of the primary coil, the impedance seen from the inverter
is dramatically reduced. Consequently, as the current in the
coupled primary coil increases substantially, the magnetic field
produced by it becomes much stronger and electric power is
transferred to the coupled pick-up.

In a similar way, reactive power compensation networks
(RPCN) have been introduced to compose the energy transmit-
ting pad-array in the primary side. These RPCNs are excited by
a common inverter, which is quite cost-effective. The excitation
current flowing into every RPCN could be automatically built
up when the pickup coil is coupled or partly coupled. Since the
LCC compensation scheme, which has been widely used due to
its current source characteristics for the primary side, is adopted
in RPCNs, constant HF currents constantly flow into the primary
coil regardless of the existence of the pick-up, and this problem
could lower its power transfer efficiency. As a remedy for this
problem, an auxiliary LCC compensation network to selectively
change reflected impedance Z, is adopted to regulate the RMS
of the primary coil current with the circuit structure, as shown
in Fig. 29.
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In the auxiliary circuit, R, is a high resistance, which ranges
from 10 to 100 k ohm, and r, is the turn-on resistance of MOS-
FET S, . The output impedance of the auxiliary LCC network is
R, which is comprised of R,, r,, and the internal resistance of
the rectifier bridge. There are two operation modes in the aux-
iliary LCC network: short-circuit mode and open-circuit mode.
When the pickup coil is coupled or partly coupled with the
primary coil, the regulation circuit operates in the short-circuit
mode to minimize the reflected impedance Z, so that energy
is transferred from the primary side to the pickup side. On the
other hand, the regulation circuit operates in the open-circuit
mode to maximize the reflected impedance Z, so that its sys-
tem efficiency increases and unwanted leakage magnetic fluxes
decrease with low inverter output current Ip¢; .

VI. CONCLUSION

As a follow-up to the previous review paper that dealt with a
full history of WPTSs for RPEVs from its advent in the 1890s
to its modern status [69], recent studies over the past couple of
years have been newly summarized in this review paper. For the
more than 100-year history of RPEVs, the power transfer capac-
ity, efficiency, lateral tolerance, EMF, air-gap, size, weight, and
cost of the WPTSs have been significantly improved by virtues
of innovative semiconductor switches, better coil designs, en-
hanced roadway construction techniques, and higher operating
frequency. Thus, there is no doubt that RPEVs are becoming
viable solutions for future transportation and that the 6G OLEYV,
reducing infrastructure cost for commercialization and increas-
ing the interoperability between RPEVs and SCEVs, will be an
especially strong candidate for the near-future widespread use
of RPEVs in public transportation.
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