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Calvin Riekerk, Student Member, IEEE, Francesca Grazian, Student Member, IEEE, Guangyao Yu, Student
Member, IEEE, and Pavol Bauer, Senior Member, IEEE

Abstract—Due to the urgent desire for a fast, convenient and
efficient battery charging technology for electric vehicle (EV)
users, extensive research has been conducted into the design of
high power inductive power transfer (IPT) systems. However,
there is few literature that formulates the design as a multi-
objective optimization (MOO) research question considering both
the aligned and misaligned performances, and validates the
optimal results in a full-scale prototype. This paper presents a
comprehensive MOO design guideline for highly efficient IPT
systems and demonstrates it by a highly efficient 20 kW IPT sys-
tem with the DC-DC efficiency of 97.2% at the aligned condition
and 94.1% at 150 mm lateral misalignment. This achievement
is a leading power conversion efficiency metric when compared
to IPT EV charging systems disseminated in today’s literature.
Herein, a general analytical method is proposed to compare the
performances of different compensation circuits in terms of the
maximum efficiency, voltage/current stresses and misalignment
tolerance. A MOO method is proposed to find the optimal design
of the charging pads, taking the aligned/misaligned efficiency
and area/gravimetric power density as the objectives. Finally, a
prototype is built according to the MOO results. The charging
pad dimension and total weight including the housing material
are 516%552%60 mm>/25 kg for the transmitter and 514%562%60
mm>/21 kg for the receiver. Correspondingly, the gravimetric,
volumetric and area power density are 0.435 kW/kg, 581 kW/m>
and 69.1 kW/m?, respectively. The measured efficiency agrees
with the anticipated value derived with the given analytical
models.

Index Terms—indutive power transfer, DC-DC efficiency, high
power, misalignment tolerance, multi-objective optimization.

NOMENCLATURE

I;, I; Phasor of the winding current and its root mean square
value.

Y5 Ratio of Lg to L; in a DLCC compensated IPT
system.

o1 Phase angle difference between I 1 and jg.

C; Series compensation capacitor in a SS compensated
IPT system.
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Csi, Cq Series and parallel compensation capacitor in a
DLCC compensated IPT system.

fs» ws  Switching frequency and angular switching frequency.

FOM Figure of merits of a magnetic coupler, FOM = kQ.

Iiprcc, Is,pLcc Root mean square value of the current
through L; and Lg in a DLCC compensated IPT
system.

Iiss  Root mean square value of the current through L; in
a SS compensated IPT system.

Lg Compensation inductor in a DLCC compensated IPT
system.

L; Self-inductance of the charging pad.

M.k  Mutual inductance and coupling coefficient between

charging pads.

Peaps Pou, Prey Psh, Psem Power losses across the capaci-
tor, copper, ferrite core, shielding and semiconductor
losses in an IPT system.

Pout, P12 Output power and power transferred through the air
gap in an IPT system.

Piin, Ppin, Ppex Skin effect, internal and external proximity
effect losses in the charging pad.

Q Quality factor of a charging pad.

R, Equivalent AC resistance of the AC link.

R;, Rs Equivalent AC resistance of L; and Lg.

Uiprcc, Us,pLcc Root mean square value of the voltage
across Cg; and Cj.

Uiss Root mean square value of the voltage across Cj.

ii,DLCC, iﬁ7DLCC Current through L; and Lg in a DLCC
compensated IPT system.

15,93 Winding current in a SS compensated IPT system.

1 Winding current in an IPT system.

UAB, Uab Input and output voltage of the AC link.

Uqc,1, Ugc,2 DC input voltage of the inverter stage and DC
output voltage of the rectifier stage.

subscript ¢ ¢ = 1, 2 for the Tx and Rx sides of the IPT system.

I. INTRODUCTION

LECTRIC mobility undergoes rapid development due to
the global awareness of CO, emissions and the increasing
production of electricity from renewable energy sources. Elec-
tric vehicles (EVs) can provide convenient and efficient usage
of renewable energy and thus help to reduce the consumption
of fossil fuels. For most of the light-duty EVs, the power
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capacity of the pre-installed on-board charger is less than 19.2
kW, which means the miles of range can be restored at a
rate of 20-50 km/h [1]. The charging process will take at
least 10 hours to restore a cruising range similar to that of a
conventional vehicle [1]. An urgent desire emerges in a fast,
efficient and convenient charging method for EV users.

As an alternative to the conductive charging method, in-
ductive power transfer (IPT) technology was applied to the
EV battery charging application [2]-[8]. IPT technology can
significantly simplify the charging procedure and thus save
the labor of the EV users. It is also promising to build
dynamic IPT charging roads where EVs can pick up power
while travelling [5], [6], [9]-[11], thereby contributing to the
reduction in the requirement of the traction batteries’ capacity
as well as the extension of the driving range. However, the
performance index of IPT systems, including the rated power,
power transfer efficiency, power density and misalignment
tolerance, are limited by a number of design constraints. Since
the receiver (Rx) side components are mounted in the EV,
the allowable space and weight of the circuit are bounded.
Therefore, a high power density of the IPT system is required.
According to the standards SAE J2954, the air gap in the
isolating transformer ranges from 100 mm to 250 mm, and
the achievable magnetic coupling between the transmitter (Tx)
and the Rx pads is limited. As compensation for the low
magnetic coupling, the winding currents tend to be relatively
high to reach the rated power. It is reported in [12] that the
major sources of the power losses are the conduction loss
in the semiconductors and the power loss in the capacitors
and windings, which are mostly determined by the winding
current. Thus, the power efficiency of IPT systems is limited
and naturally smaller than conductive chargers. To ensure a
high power transmission, it is inevitable to use large pads
for a high magnetic coupling. Additionally, these pads would
employ litz wire with a reasonable current density and a
large number of compensation capacitors connected in series
and parallel to deal with the commonly high voltage and
current stresses. This trend results in conflicts between the
power efficiency and power density of IPT systems. Another
design restriction is the spatial offset between the Tx and
Rx pads. It is required in the standards SAE J2954 that
the power efficiency from the grid connection to the output
of the IPT system at misaligned condition should be above
80%. To alleviate the drop of the magnetic coupling due to
the misalignment, the size of the charging pads should be
increased, thus reducing the power density.

To tackle the aforementioned conflicts, the design of com-
pensation circuits and charging pads plays a dominant role.
Due to the low mutual coupling, capacitors connected in series
and/or parallel to a coil are commonly used to compensate
the self-inductance of the charging pads [13], [14]. The
compensation topology can affect the power converter design.
The conventional parallel compensation, for example, requires
an inductor connected in series with the inverter/rectifier on
the DC side, which makes it hard for the integration design of
the converters [15]. Besides, the selection of the compensation
topology and its tuning strategy can have a significant impact
on the system performances, in terms of the maximum effi-
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ciency, optimal load characteristics, winding current stresses
and capacitor voltage stresses. The compensation study for
this paper focuses on the series-series (SS) and double-sided
LCC (DLCC) compensations because their resonant frequency
is independent of the load and coupling coefficient which
requires no change of the frequency for the misaligned cases.
It is presented in [16] that the power transfer efficiency of
the DLCC compensated IPT system can be improved by
a proper selection of the compensated inductor, while the
analytical expression of the optimal design is not solved
due to the complexity of the resonant circuit. Since there is
no analytical method that can explicitly derive the optimal
efficiency of a DLCC compensation circuit, this paper presents
a general method that can analytically compare the maximum
AC link efficiency of the SS and DLCC compensated IPT
systems. Besides, a parametric sweep of the compensated
inductor is conducted to illustrate the global performances
of the DLCC compensation. The performances of the DLCC
compensation and the SS compensation under aligned and
misaligned conditions are derived and compared in terms of
the power transfer efficiency and current/voltage stresses on
the compensation components.

As reported in [17], an important figure-of-merit (FOM),
FOM = k@ where k is the magnetic coupling coefficient
and @ is the coil quality factor, determines the maximum
efficiency of an IPT system [18]. Extensive research has been
conducted into both the coil topology [3], [19]-[24] and the
optimization of the geometric parameters [11], [12], [15], [25],
[26] for a high FOM. Various charging pad topologies have
been proposed, such as circular, rectangular, double-D (DD),
bipolar and DD Quadrature (DDQ) pads. To fairly evaluate
the advantages of different pad topologies, the evaluation
should be based on the optimal performances considering
all the design variables of the charging pads [27]. In [15],
a multi-objective optimization (MOO) method is proposed
for the design of circular charging pads. This MOO method
conducts parametric sweep within the design search space and
takes the power transfer efficiency and power density as the
optimizing objectives, which illustrates the conflicts between
this two objectives in the form of Pareto fronts. The power
transfer efficiency and power density cannot be maximized at
the same time, and a trade-off has to be made according to
the application scenarios. Later, this MOO method is applied
to design a 50kW IPT system with a DC-DC efficiency of
95.8 % at the aligned condition in [12]. It is common that there
is a misalignment between the Tx and Rx pads when there is
no aid-positioning devices, but the misaligned performances
of IPT systems are not studied in [12], [15]. Although the
misalignment is considered in the MOO method proposed
in [25], the proposed optimal design is not experimentally
validated. Therefore, the aim of this paper is to propose a
MOO method that considers both the aligned and misaligned
performances of IPT systems, and also to verify the correctness
of the optimal results in a prototype that delivers a leading
power conversion efficiency metric when compared to IPT EV
charging systems disseminated in today’s literature.

Based on the Pareto fronts analysis in [25], the circular and
rectangular pads outperform the polarized pads with respect
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to the power transfer efficiency under the same area-related
power density. Under the condition that the area enclosed by
the coil is the same, the circular coil outweighs the rectangular
coil in terms of the magnetic coupling, but considering the
available space in a practical application, the rectangular coil
can cover a larger area and be more favorable than the circular
coil instead [15]. Therefore, the rectangular configuration is
selected for the design of the proposed 20 kW IPT system
discussed in this paper.
The main contributions of this paper include:

1) A comprehensive MOO design guideline for highly
efficient IPT systems that can transfer the rated power
and maintain a high efficiency at 150 mm lateral mis-
alignment.

2) Validation of the developed design guideline by a 20 kW
IPT system delivering a leading aligned and misaligned
power efficiency, and area power density.

3) A general analytical method evaluating the maximum
efficiency and voltage/current stresses of a AC link using
the SS or DLCC compensation.

4) A MOO design method of a rectangular coupler that
considers the air gap among the coil, ferrite cores and
shielding plate, and the gap between adjacent coil turns.

This paper is structured in seven parts. In Section II, a
brief review of the state-of-art IPT systems used for EV
battery charging is summarized. A detailed guideline on
how a 20 kW IPT system is optimized in terms of the
power efficiency, power density and misalignment tolerance
is presented. The analysis and design of the compensation
circuit, the power electronics topology and load matching
method, and the charging pads are presented in Section III,
IV and V, respectively. Section VI presents the developed
prototype with the area power density of 69.1 kW /m?2. The
experimental measurements in the designed IPT system are
used to verify the accuracy of the finite element model and
the power losses calculation method. The prototype can deliver
a DC-DC efficiency of 97.2% under the aligned condition and
a efficiency of 94.1% under 150 mm lateral misalignment,
which is a record among the available reported literature for
IPT systems with power capability above 20 kW. The general
conclusions are summarized in Section VII.

II. REVIEW OF THE STATE-OF-ART PROTOTYPES

The power transferred through the air gap of an IPT system
Pys is [18]

Py = R{jw M5} =wMDLLsing (1)

where w; is the angular switching frequency, M is the mutual
inductance between the charging pads, ¢12 is the fundamental
frequency’s phase difference between the Tx and Rx winding
current phasors I 1 and fg, 1; is the root mean square (RMS)
value of [; (subscript ¢ = 1, 2 stands for the Tx and Rx sides
of the IPT system, respectively). Eq. (1) proves that P, can
be augmented by increasing wg, M and winding currents. The
reported high-power IPT systems available in the literature
with rated power above 20 kW are presented in Table I, based
on which their performances are illustrated in Fig. 1. It shows
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Fig. 1. Performances of the state-of-art IPT systems recorded in Table I.

a trend to reduce the air gap for a higher power. The air gap de-
creases from 280 mm at 20 kW [42] to 30 mm at 200 kW [1].
Increasing w, for a higher power is not always preferred due
to the large voltage stress over the compensation capacitors
and between the adjacent coil turns. Thus, the on-line electric
vehicle (OLEV) prototypes developed by Korea Advanced
Institute of Science and Technology (KAIST) applies 20 kHz
switching frequency [43]. Due to the limit in the increment
of both ws and M considering the area power density, it is
inevitable to utilize high DC-link voltages in both the Tx and
Rx sides for IPT systems with high power levels. Most of the
reported prototypes in Table I have a Tx side DC-link voltage
above 750 V. For example, Korea Railroad Research Institute
(KRRI) applies a full-bridge resonant inverter consisting of
five inverter modules and a matching transformer to reach a
maximum AC voltage of 4000 V on the Tx side.

Regarding the power transfer efficiency, Table I shows that
the prototypes with the efficiency above 95% mostly operate at
85 kHz, except for Oak Ridge National Laboratory (ORNL)
which uses 20 kHz at a price of lower area power density.
The highest power transferred via the inductive coupling is
achieved by KRRI at 818 kW with 82.7% efficiency. The
highest aligned efficiency reported in existing literature is
95.8% among prototypes including the non-isolated DC-DC
converters by ETH Zurich, and 96% among prototypes exclud-
ing the non-isolated DC-DC converters by ORNL. It should be
mentioned that Fraunhofer institute integrated the IPT system
into an EV and the measured efficiency includes the whole
charging system from the grid to the battery, which is 91%
at the aligned condition. Regarding the misaligned efficiency,
only a few of the reported prototypes conducted misaligned
operation experiments in literature, and ETH Zurich realized
92% efficiency at 150 mm lateral offset which is the highest
among the reported literature in Table I. Compared with the
performances of the high power IPT systems in Fig. 1, this
paper develops an IPT system with a higher efficiency, 97.2%
at aligned condition and 94.1% at 150 mm lateral offset. The
developed IPT system also delivers a higher area power density
than reported 20 kW prototypes available in the literature.
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TABLE I
STATE-OF-ART IPT SYSTEMS
References Power Year Airgap Tx-Rx side DC  Aligned-Misaligned Ef-  Frequency Area Power
[kW] [mm)] Voltage [V] ficiency [%] [kHz] Density
[kW /m?]

TU Delft (this paper) 20 2021 150 800-800 97.2-94.1 (150 mm) 85 69.1
KRRI [28] 818 2015 50 4000(AC)-2800  82.7-N/A 60 N/A
Bombardier [1], [29] 200 2013 30 N/A 90-N/A N/A N/A
University of Seoul 150 2016 70 800-750 90.4-N/A 60 781.2
(US) [30]
Conductix Wampfler 120 2012 40 N/A 90-N/A 20 N/A
[29]
KAIST [31] 100 2014 260 five-module 80.8-N/A 20 N/A

500-620
ETH [12], [32] 50 2016 160 800-800 95.8-92 (150 mm) 85 160
ORNL [33] 50 2020 150 3¢ 550-580 95-88.5 (100 mm) 85 195
Zhejiang  University 50 2021 160 three-module 95.2-N/A 85 208
(ZJU) [34] 800-600
WAVE [35] 50 2015 178 3¢ 480-N/A 92-N/A 234 N/A
Showa Aircraft [36] 30 2009 140 N/A 92-N/A 22 N/A
INTIS [37], [38] 30 2014 100 N/A 90-N/A 30 N/A
KAIST [6] 27 2011 200 N/A-550 74-N/A 20 337
New York University 25 2016 210 750-375 91-N/A 85 N/A
(NYU) [39]
KAIST [40] 22 2015 200 N/A 71-N/A 20 27.5
Fraunhofer [41] 22 2015 136 800-800 91-89 (120 mm) 100 61.1
ORNL [42] 20 2021 280 800-420 96-N/A 22 31.9
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Fig. 2. Core schematics of an IPT system. The highlighted DC-DC converter
is the technology of this paper scope.

III. COMPENSATION SELECTION AND DESIGN
A. Series, Parallel and LCC Compensation

The basic schematic of an IPT system is presented in Fig.
2. This circuit implements a power factor correction circuit
for compliance with integration guidelines to the public AC
grid (the AC-DC front-end), an isolated resonant-based DC-
DC converter comprising an H-bridge inverter cascaded by a
compensation circuit forming a two-stage equivalent resonant
tank with the transmitter and receiver coils, and a rectifying
stage (the back-end AC-DC converter). Finally, a non-isolated
DC-DC converter can be used to control the charging profile
across the battery of the vehicle. This final circuit can be
controlled so that the battery and non-isolated DC-DC con-
verter will behave as a controllable equivalent resistive load
for the isolated DC-DC resonant converter [44]. Based on the
output characteristics of the adopted compensation circuits,
the optimal load matching for the maximum power transfer
efficiency can be realized [45], [46].

As a loosely coupled system, capacitors, commonly con-
nected in series and/or parallel to a charging pad, are used
to compensate the self-inductance of the Tx/Rx pads so that
the power transfer capability and efficiency of the system can
be improved [7], [14]. The compensation is typically imple-
mented by connecting a resonant capacitor in series or parallel
to the Tx/Rx coil. For the Rx side, the parallel compensation
requires a series filter inductor after the rectifying stage to
limit the current through the semiconductor, resulting in a
bulky secondary converter design. Considering that the space
on the vehicle side is limited and the reflected impedance
is not resistive, the secondary parallel compensation is not
favorable in EVs charging applications where misalignment
tolerance is taken into account. As a solution to this problem,
the filter inductor can be replaced by a compensation inductor
connected in series between the parallel resonant tank and
the rectifying stage, forming an LCL compensation circuit.
To further reduce the size of the compensation inductor and
improve the power transfer capability, a capacitor is connected
in series with the Rx coil, forming a LCC compensation
circuit. Since the compensated inductor can be integrated
into the charging pad [7], the compact converter design is
attainable.

To ensure the high-efficiency operation of the inverter
applying MOSFETs, the Tx side compensation circuits is
typically designed to have the zero phase angle (ZPA) input
impedance at the resonant frequency to minimize the power
requirement for the inverter. Thus, the primary series and LCC
compensation are widely used for EVs charging applications.
In practice, the switching frequency can slightly deviate from
the resonant frequency to have the output current lagging the
output voltage of the inverter, allowing for its zero voltage
switching (ZVS) turn-on operation, which is favourable for
most MOSFET semiconductor technologies.
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Fig. 3. AC link of IPT systems using (a) SS or (b) DLCC compensation.
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Based on the above discussion, the SS and DLCC compen-
sations are found to be suitable candidates because of their
constant current output characteristics. As this paper aims
to design a 20 kW IPT system with a high efficiency and
good misalignment tolerance, these two compensations will be
compared in terms of the maximum power transfer efficiency,
the voltage stresses on capacitors and the sensitivity to the
charging pads misalignment.

B. Maximum Efficiency Analysis

Previous researches have been conducted into the optimal
load condition for the SS compensated IPT systems [44],
[45], [47]. The analytical expressions of both the maximum
efficiency and the optimal load have been solved, which
provides good insights on the design of the IPT system
[25]. Different from the SS compensation, the parameters
of double-sided LCC compensation are designed based on
the self-inductance of the charging pads as well as the DC
voltage and the rated power [4], [16], [48]-[50]. Due to
the consideration of misalignment tolerance and the limited
space for the Rx side, the Tx pad tends to cover a larger
area than that of the Rx pad. This kind of design results
in an asymmetric selection of the compensation parameters,
and the definition of the self-inductance of the compensation
inductors Lg is critical for the high efficiency operation. In
[48], the expressions of the maximum efficiency and optimal
load condition is derived and found to be dependent on the
selection of Lg. In [50], a comparison of the power efficiency
is presented between a specific DLCC and a SS compensation
circuits under the condition that the magnetic coupler and the
compensation component equivalent series resistance are the
same, but the selection of the Lg for the maximum efficiency
is not studied. It is found in [16] that an optimal Lg exists
for the maximum efficiency. However, due to the complexity
of the double-sided LCC compensation circuit, the analytical
expression of the optimal Lg is not derived. Therefore, this
paper proposes an efficiency analysis method that does not
involve the specifications of the compensation circuit, and a
fair comparison between the SS compensation and the double-
sided LCC compensation is presented in terms of the total
power losses in the AC link.

A general schematic of the AC link of an IPT system
is presented in Fig. 3. The voltages across Cj, Cy and Ch

Authorized licensed use limited to: TU Delft Library. Downloade

are U ss, Ui pr.cc and Us prcoc, respectively. The subscript
1 = 1,2 stands for the Tx and Rx sides of the IPT system,
respectively. For the SS compensation, the current through L;
is I; ss. For the DLCC compensation, the currents through
Li and Lg are I; pr,cc and I5 pr.cc, respectively. The power
transferred from the Tx side to the Rx side P can be
expressed as (1). To maximize the power transfer capability,
the secondary compensation should be designed to satisfy
¢12 = 5. Otherwise, I has to be increased to maintain the
rated output power, leading to larger conduction losses in the
Tx coil and the inverter. Therefore, the Rx side compensation

design follows
1

WELQ

1 1
O =
wg (LQ — Lfg) 2 (JJELfQ
When the Rx side resonant circuit satisfies (2) or (3), the Rx

side winding current is in phase with the Rx side induced
voltage produced by the Tx side winding current. Thus,

Cr = 2

Cso = 3)

¢12 = 7 is guaranteed in both the SS and DLCC compensation
presented in Fig. 3. From (1), one can obtain
Py
L, = 4
=0 “4)

Meanwhile, the Rx side can always have a resistive reflected
impedance in the Tx side, thus simplifying the Tx side
compensation design for ZPA operation of the inverter. The
Tx side compensation design follows
1
WELI

1 P
WLy — L) " T W2y

€ = &)

Ca1 = (6)

To study the power losses in the AC link, the equivalent
AC resistance R; is assumed to be connected in series to L;.
When the IPT system applies SS compensation as (2) and (5),
the power losses within the AC link Poss sg can be calculated
as

Ploss,ss = I7 s R1 + I3 gg Ro (7

I; and R; are both positive-valued. Based on (7) and (4), one
can get

Ploss,ss = 211 ss12,35v/ R1 R ¥
12 VRiR;

The equality of (8) is attained when I1 ssv/R1 = Iz ssv/Ra,
implying that the maximum efficiency is achieved close to the
operating point where the power losses in the Tx and Rx sides
are balanced.

The equivalent AC resistance Ry is assumed to be connected
in series to Lg that is the self-inductance of the compensated
inductors. When the IPT system applies DLCC compensation
as (3) and (6), the power losses within the AC link P p1.cC
can be calculated as
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2 2
PiosspLecc =11 prec 1 + I3 prec Rz

2 2 &)
+ Ifi pLoc B + Ity prec Be
Similar to (8), one can obtain
Pioss, pLcc > 211 procl2 procy RBi R
SESERNG v Y (10)

+ 2111 preclie,prccV R Re2

The equality of (10) is attained when I LDLCC\/Ril =
I preevRe and I precvRa = IpprccyVRi, suggest-
ing that the maximum efficiency is realized close to the
operation point where the power losses in the Tx and Rx sides
are balanced.

It can be concluded by (8) and (10) that the minimal value
of Plogs,gs 1s smaller than that of Poss 1,cc When Pjo is fixed.
A specific case is presented in [50] where the same magnetic
coupler and the same compensation component equivalent
series resistance are applied to a SS and a DLCC circuits, and
the SS circuit is found to be more efficient than the DLCC.

C. Comparison of SS and DLCC Compensation

As the power of IPT systems increases, the current stresses
over the coils and the voltage stresses over the capacitors are
essential issues to be considered. To avoid thermal issues by
too high current density through the transformer’s winding, the
litz wire with a large number of strands should be selected.
The increment of the outer diameter of the litz wire constrains
the minimal gap between the adjacent coil turns, and a
relatively large pad size is designed. The rated voltage over
the compensated capacitors could be above 10 kV which is
far higher than the maximum AC voltage of one single off-
shelf commercial film capacitor for 85 kHz applications. It is
common to connect a large number of single capacitor units
in series to distribute the voltage stress, posing a challenge in
the integration design of the AC link.

To tackle these issues, one of the solutions is to decrease the
winding current, which can be done by increasing the mutual
coupling or the switching frequency as proved in (1). The
coupling can be increased by reducing the air gap like the
120 kW prototype of Conductix Wampfler in Table I, or by
increasing the number of turns of the coil, which leads to a
smaller turn gap and a higher voltage stress over the capacitors.
The limited gap between coil turns could also bring forward
insulation problems and the increased thickness of the litz wire
wrapper should be taken into account. In IPT systems applying
elongated Tx coils like on-line electric vehicles [40], [43],
[51], the voltage between adjacent coil turns can be too large
owing to the equivalent inductance of each turn and the high
Tx side current. Thus, the operation frequency was selected
to be 20kHz at the price of a lower power density [43].
Regarding applying higher switching frequency, it is correct
that the winding current would be lower but the voltage stress
will increase because the reactance of the coil is proportional
to wg and /1115 \/% under fixed P, according to (1). For
both SS and DLCC cosmpensated IPT system, increasing the
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Fig. 4. Comparison of SS and DLCC compensation circuits under different
Rx side DC voltage, in terms of (a) and (c) the AC link efficiency, (b) and
(d) the Tx sided DC voltage requirements. At aligned condition, the mutual
inductance is 50 pH as shown in (a) and (b). At misaligned condition, the
mutual inductance is 25 pH as shown in (c) and (d).

switching frequency could demand a higher DC voltage input
and output, and the selection of suitable power electronics
becomes limited.

The selection of compensation topology is also vital in
determining the winding currents and the capacitor voltages.
To have a fair comparison between the SS and DLCC compen-
sated IPT systems, the system performances are analysed in
terms of the power transfer efficiency n, DC voltage require-
ment Uqgc i, voltage stresses (Uigss, Uiprcc and Ug prcc)
and current stresses (I ss, Ii pr.cc and Is pr,cc) with the DC
voltage ranging from 400 V to 850 V. As the compensation
performance of the DLCC compensated IPT system is depen-
dent on the selection of Lg. A parametric sweep is applied
within the feasible range of Lg. The ratio of Lg to L; is
defined as +;, and v; = 72 = ~ for simplicity. The self-
inductance of the Tx and Rx pad are 292.3 ©H and 199.6 pH,
which is derived from the selected pad design in Section V. To
consider the misaligned performances, the mutual inductance
drops from 50 pH to 25 pH. The output power is set to be
20 kW. ~ can be calculated as

o 8MUdc,1Udc,2
T\ R, Py L Ly

Therefore, v is investigated in the range of 0.1 — 0.19. To
analyse the efficiency of the IPT system, the quality factor )
of the charging pads and the compensation inductors are set to
be 500 at 85kHz, which is close to that of the final prototype.
The equivalent AC resistances can be obtained as (subscript
i = 1,2 stands for the Tx and Rx sides of the IPT system,
respectively)

Y

wsLi wsLﬁ
Q Q

The AC link efficiency and DC voltage requirements under
aligned and misaligned conditions are presented in Fig. 4.
In both Fig. 4(a) and 4(c), the efficiency of the DLCC
compensated IPT system is heavily dependent on the selection

R =

7Rﬁ:

12)
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Fig. 5. Comparison of SS and DLCC compensation circuits under different
Rx side DC voltage, in terms of (a) and (c) the Tx side AC voltage stresses,
(b) and (d) the Rx sided AC voltage stresses. At aligned condition, the mutual
inductance is 50 pH as shown in (a) and (b). At misaligned condition, the
mutual inductance is 25 pH as shown in (c) and (d).

of v, and the design with a larger value of ~ is found to
have a higher maximum efficiency. It is because Ij pr.cc
reduces with the rise of Lg. It can also be seen that the
maximum efficiency of the SS compensation is higher than
that of the DLCC compensation, which verifies the analysis
in Section III-B. In comparison of Fig. 4(b) and 4(d), the
effective range of Uy.,; becomes narrow for SS compensation
when M increases, indicating that there exists a maximum
value of M for the SS compensation to deliver the rated
power considering the maximum permissible DC voltage. The
DLCC compensation can have a larger effective range of Uqc ;
by properly selecting ~. However, if the design objective of
the DLCC compensation is to maximize 7, the largest value
of ~ should be selected and the effective range of Ugqc
is comparable to that of the SS compensation. It can be
summarized that the SS and DLCC compensations have the
same trend that 7 is high when the system can use a high DC
voltage on both sides, and the SS compensation has a higher
maximum efficiency than the DLCC compensation under the
same M and P,.

The voltage over the capacitors under aligned and mis-
aligned conditions is depicted in Fig. 5. It can be seen that
Us,proc is constantly lower than U; py,cc for the DLCC com-
pensation. When comparing the SS and DLCC compensation,
Ui ss is mostly above U; pr.cc and the difference increases
when Ugc 1 rises as shown in Fig. 5(a) and 5(c). The trend is
reversed for the Rx side as presented in Fig. 5(b) and 5(d).
I> prco, I prcc and I gg can be expressed as

2\/iUdc,Q

Is prcc =
TWs Ly

13)

T I 7TJDout
2,SS — 12 DLCC — T /=
' 2\@(]dcg

It is proved by (13) that Is p1,cc increases but I 55 decreases
as a higher Uq. 2 is applied. Besides, the reactance of Cyy is
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Fig. 6. Comparison of SS and DLCC compensation circuits under different
Rx side DC voltage, in terms of (a) and (c) the Tx side AC current stresses,
(b) and (d) the Rx sided AC current stresses. At aligned condition, the mutual
inductance is 50 pH as shown in (a) and (b). At misaligned condition, the
mutual inductance is 25 pH as shown in (c) and (d).

close to that of Cy because ~ is small. Thus, the Rx side
voltage stress of DLCC compensation is generally higher than
that of the SS compensation, especially when Uy, 2 is high and
M is low as indicated in Fig. 5(d). As the Rx side has limited
space, reducing the voltage stress on the Rx side is of higher
priority to the Tx side, which makes the SS compensation
more advantageous.

The current through both windings and the compensation in-
ductors under aligned and misaligned conditions are presented
in Fig. 6. It shows that the same side currents of the DLCC
compensation cannot be reduced at the same time, which
can be explained by (13). For the Tx side current stresses,
the SS compensation presents better performances under the
aligned condition as illustrated in Fig. 6(a) where I; g is
below the region covered by It pr.cc. However, the Tx side
of the DLCC tends to have a lower current stress under the
misaligned condition as shown in Fig. 6(c). Regarding the Rx
side current stresses, the SS compensation is always better
than that of the DLCC within the effective region of Uy 2.
As per Fig. 6(b) and 6(d), I>prcc is considerably larger
than Iy» pr,cc and Iz gg when a high Uqc 2 is applied. It can
be found that the DLCC compensation is more advantageous
in avoiding high Tx side current stresses under misaligned
condition. By contrast, the SS compensation holds an obvi-
ously lower current stress in the Rx side under both aligned
and misaligned condition, which is more favourable in EV
charging applications.

IV. SYSTEM TOPOLOGY AND LOAD MATCHING METHOD

Given the mutual coupling constant, the maximum effi-
ciency is determined by the load condition as discussed in
Section III. The load matching can be realized by applying
a semi-active rectifier [44] or an active rectifier [52]. By
changing the phase-shift angle of the active rectifier, the
amplitude and the phase of the load impedance are controlled
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Fig. 7. IPT system overview for battery charging applications.

separately [52], which is not suitable for high power IPT
applications due to the switching losses. It is more practical
to apply the synchronous rectification technique on the active
rectifier, which is proved to be more efficient than the diode
bridge rectifier [53] but cannot effectively regulate the load.
Therefore, a back-end DC-DC converter becomes necessary
to change the load impedance [44]. Due to the current source
output characteristics of the SS compensated IPT system, the
output power regulation at a fixed battery voltage can be
realized by adding a front-end DC-DC converter which will
enable this functionality by adjusting the resonant circuit’s
input voltage. The power factor correction (PFC) stage can
also provide the power regulation in a certain output voltage
range by the same means, and without the need of the front-
end DC-DC converter. An overview of the target IPT system
is presented in Fig. 7. The advantage of applying the PFC
stage and back-end DC-DC converters for the load matching
and power regulation is that the resonant circuit can operate at
a very narrow-band frequency close to a minimum switching
losses in the inverter and rectifier stages.

The target of this paper is to design a 20 kW IPT system
with Uge,max = 850V. With a 3¢ 400 V line-to-line European
grid connection, the PFC can safely supply a DC voltage up
to 870V with conventional two- or three-level voltage source
converters, and the DC voltage requirement can be satisfied.
For the Rx side, the traction battery voltage is commonly
around 400V for the light-duty EVs, and a back-end buck
converter becomes necessary. However, the battery voltage
increases to 800V for electric buses due to the higher demand
of the traction power [54]. Thus, it is also viable to remove
the back-end DC-DC converter for the battery charging of
electric buses. To focus more on the AC link design, the DC-
DC converter is not studied in this paper. As highlighted in
Fig. 7, the studied IPT system includes the inverter, AC link
and rectifier.

Provided the alignment condition and wy is fixed, the AC
equivalent optimal load resistance is determined as [25]

Rac,Q

RL,OP(} ~ OJSM
Rac,l

(14)

where R, ; (subscript = 1, 2 stands for the Tx and Rx sides of
the IPT system, respectively) is the equivalent AC resistance
of the AC link. To achieve the maximum system efficiency, the
DC voltage Uj, ; under rated output power can be estimated

Authori

as
R
U(:Tc 2~ z 2P utwsM ¢ “lac?
’ 4 ac,1
(15)
R
Uglkc,l ~ % V 2Pousws M if Zaol
ac,2

V. PAD OPTIMIZATION DESIGN

In IPT systems, the energy transferred from the Tx to the
Rx side relies on the magnetic coupling. A high coupling is
favourable to improve the efficiency in high power applications
since less winding current is required as proved in (1). As a
price of high coupling, the size of the charging pads may
be designed larger and thus become more expensive. The
misalignment tolerance can also be improved by enlarging
the size of the charging pad. Considering the limited size on
the EV side, a trade-off emerges among the power transfer
efficiency, power density as well as misalignment tolerance.
Therefore, a MOO design is recommended for the design of
the charging pads.

As the effective magnetic field is within the air gap between
the Tx and Rx pads, the charging pads that produce a magnetic
field concentrating on one side are preferred. To achieve the
single-sided magnetic field, the charging pad usually consists
of litz wire coil as well as ferrite cores, and the shielding
plate. The ferrite cores could enhance the coupling between
the Tx and Rx pads. The shielding plate is used to reduce
the magnetic stray field. To obtain the electric parameters
of the charging pads, including the self-inductance, mutual
inductance and equivalent AC resistance, the magnetic field
has to be calculated. Due to the non-linear property of the
ferrite cores and various coil topologies, the magnetic field is
commonly computed through finite element (FE) models [15],
[25], [55]. It is found in [25] that the circular and rectangular
couplers can deliver a higher power transfer efficiency than
that of the polarized couplers, DD and DDQ, at the same area
power density. Considering that the rectangular coil can make
full use of the allowed on-board space, the rectangular coil
topology could be a more suitable candidate than the circular
one. Therefore, this section focuses on the optimization design
of the charging pads using rectangular coils.

A. Analytical Losses Model

To obtain the DC-DC efficiency of the IPT system, power
losses should be modelled, including power converters (in-
verter and rectifier), capacitors and charging pads. The copper
losses in the charging pads P, is composed of the DC ohmic
loss Py and the AC losses due to the skin effect Py, internal
Ppin and external P« proximity effects. According to [25],
these power losses can be calculated as

o~

I;

Pdc,i + Pskin,i = nsterCFR(fs)( )2Lcoil
str
12

Ppin,i = nsterCGR(fs)mLcoil (16)

Ppex,i =

N;
Z nSterCGR(fS) j{ He2xt (l)dl
k=1 e
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where subscript ¢ = 1, 2 stands for the Tx and Rx side, ng, is
the number of strands in the litz wirAe, r4c 18 the DC resistance
per unit length of a single strand, [; is the peak value of the
current through the coil, /V; is the number of turns of the coil,
lx is the ki, turn of the coil, d, is the diameter of the litz
wire, Hey is the magnetic field penetrating the individual coil
turns, f5 is the switching frequency, Fr(fs) and Gr(fs) are
the frequency dependent factors [56]. The calculation of Ppex
involves the geometric feature of the coil and Hey; over each
individual coil turn which is derived from the FE models.
The ferrite core loss Py is calculated by using Steinmetz
equation and integrating it over the core volume as [25]

kfeBPdv
Vie,i

Pre i = (17)
where subscript ¢« = 1,2 stands for the Tx and Rx side, Vj
is the set of cores for the coil, k, o and 3 are the Steinmetz
parameters depending on the core material. For the selected
core material 3C95, the Steinmetz parameters are k = 92.66,
a = 1.045 and 8 = 2.44 for W/m?3.

The shielding loss Py}, due to the eddy current is calculated

by
J. E*
Ve

sh,i

(18)

where subscript ¢ = 1,2 stands for the Tx and Rx side, Vi,
is the volume of the shielding plate, J is the induced current
density amplitude on the shielding plate and E is the electric
field at the surface boundary.

The film capacitor from TDK is selected for the 20 kW
IPT system because its capacitance holds a relatively small
deviation from its rated value for an operation at 85 kHz,
while no critical de-rating due to hotspot caused by dielectric
loss is necessary. The capacitor power loss is calculated by
using the equivalent series resistance 2., of each single unit
as
N, i

P. . =12
cap,i i

Reap 19)

P,1

where subscript ¢ = 1, 2 stands for the Tx and Rx side, ng and
np, are the number of capacitor units connected in series and
in parallel, respectively. The selected film capacitor unit has
a maximum AC voltage limit of 600 V. According to Fig. 5,
the maximum voltage stress can be above 9 kV in RMS value
at the misaligned case, which is far larger than the AC voltage
limit of the capacitor unit. Thus, ng has to be selected to ensure
the voltage stress over a capacitor unit is less than its limit.
Then, n;, is selected to achieve the design capacitance for the
compensation according to (2) and (5). It should be noted that
the total number of the capacitor units is proportional to n>
because of nj, o ns. Therefore, it becomes important for high
power applications to reduce the voltage stress for a compact
design.

The ZVS operation of the inverter can be attained by
keeping the input impedance slightly inductive. For the syn-
chronous rectification stage, the ZVS operation can be realized
by applying a short delay between the zero-crossing of i
and the switching on of the MOSFETs operating in the
following next half cycle. Therefore, the switching losses

=
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Fig. 8. Geometrical variables for the charging pad. The width of the coil
spread is csp = Nda + (N — 1)gturn. To scale the length of the ferrite bar
l¢. and the gap between ferrite bars wy,, they are defined as lte = lfe + (lin +
2¢sp) /100, Wag = Wag,r(Win + 2¢sp — Newse)/(100(nge — 1)), where
lfe,r and wag r are the corresponding scaling factors. The shielding plate
is set to have the same size with the coil, thus ls, = (lin + 2¢sp) and
Wsh = (win + 2Csp)-

of the inverter and rectifier stages are negligible. The total
semiconductor losses in the TX Piem,1 and Rx sides Piem 2
can be approximated as conduction losses according to

Psem,i = I?TDS,OH (TB) (20)

where subscript ¢ = 1, 2 stands for the Tx and Rx side, 7ps on
is the equivalent on-state resistance of a single switch as a
function of the junction temperature 7j.

Based on the presented losses calculation method, the
equivalent AC resistance of the AC link R,. can be obtained
as

Pcu,i + Pfe,i + Psh,i + Pcapj + Psem,i
12

Rac,i = 2n
where subscript ¢ = 1,2 stands for the Tx and Rx side. As
a vital part to improve the system power transfer efficiency,
the optimal load for the SS compensated IPT system should
be applied as (14). It should be noted that R,.; increases
as the winding current becomes large, because the Steinmetz
parameter [ is larger than 2 according to (17) and (21). An
accurate estimation of Ry, ot can only be conducted when the
winding current is solved, while the winding current is deter-
mined by Ry, opt. As a result, iterative steps become necessary
to accurately estimate the optimal operation condition. Since
Py is a major part of the charging pad losses [12], [15] and
involves no magnetic field computation, R, is simplified as

~ Pdc,i + Pcap,i + Pscm,i
Rac,i ~ 12
i

(22)

to avoid the iterative procedure and reduce the computation
labour for the calculation of the optimal operation conditions.

B. FE Model and Parameters

The geometrical variables of the charging pads are il-
lustrated in Fig. 8, where several identical ferrite bars in
cuboid shape are applied. Thus, 3D FE models are required to
calculate the magnetic field. To reduce the computation labour,
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Fig. 9. Magnetic field distribution computed by a 3D FE model simulated
in COMSOL 5.4, (a) B field distribution in yz plane, (b) H field distribution
along cut line 1 and 2. Cut line 1 is along x axis and penetrates the center of
each turn of the Tx coil. Cut line 2 is along y axis and penetrates the center
of each turn of the Tx coil. The H field distribution is computed to calculate
Ppex based on (16).

the FE model utilizes a 3D solid block with uniformed current
density to model the winding as a whole instead of using
pipes to model each turn of the winding. This can prevent the
intensive computation load associated with the calculation of
the eddy currents in the winding [25]. The diameter of the
litz wire strand is selected to eliminate the skin effect. The
eddy current within the winding has a very limited impact
on the magnetic field distribution. Thus, the 3D FE model
can deliver reliable results of the inductance and H., that is
used to calculate the proximity effect loss based on (16). An
example of the magnetic field computed by a 3D FE model
is illustrated in Fig. 9 where the B field distribution in the yz
plane and the H field distribution in the cut line 1 and 2 are
illustrated. Fig. 9(b) shows that H.y; varies in a large range
at different locations, and an obvious discontinuity emerges
in the y-axis curve of Hey due to the discrete deployment of
the ferrite cores. Therefore, Heyy at multiple different points
of each coil turn are computed to improve the accuracy when
calculating P, based on (16).

In this FE model, the gap between the coil turns gium iS
included and a non-zero lower boundary is set. The advantages
are 1) less proximity effect losses, 2) available space for
the insulation wrapper of the litz wire, 3) lower parasitic
capacitance between adjacent coil turns and 4) higher heat
dissipation capability. The FE model also includes the gap
between the coil and ferrites g.r to consider the physical
presence of the litz wire wrapper and to reduce the impact
of the spikes of magnetic field concentrated at the edges of
the ferrite cores on the winding [25]. Also, the gap between
the ferrite cores and the shielding plates g, is considered. Due
to the non-polarized field distribution of the rectangular coil,
the shielding plates tend to have a considerable eddy current
losses when g, is minimal. The investigation on gg, could be

10

helpful to improve the efficiency of the charging pad.

C. Multi-Objective Optimization

TABLE II

DESIGN REQUIREMENTS OF THE SYSTEM
Items Symbol Unit  Value
Output power Pout kW 20
Air gap distance 1 mm 150
Operation frequency fs kHz 85
DC voltage limit Udc,max V 850
Lateral misalignment  Ax mm 150

The objectives of the optimization are to maximize the
power transfer efficiency under aligned 7, and misaligned
Nmis conditions, and the power density in terms of the Rx
pad area p and total weight of the coupler pg. The design
requirements of the IPT system are listed in Table II. The air
gap distance and operating frequency are selected to comply
with the SAE J2954 standard [57]. For the SS compensated
IPT system, when the losses in the compensation capacitors
are much less than the charging pads, the maximum efficiency
Nmax Of the IPT system increases when FFOM becomes large
as [18]

FOM,FOMs,
(1+ 1+ FOMFOM,)?

where subscript = 1, 2 stands for the Tx and Rx side. Eq. (23)
proves that increasing the magnetic coupling can improve the
power efficiency of a IPT system. Correspondingly, the DC
voltage limit has to be increased to transfer the rated power
based on (15). Meanwhile, the battery voltage for electric
passenger vehicles can reach above 800V [54]. Therefore,
the DC voltage limit is selected to be 850V. The lateral
misalignment is set to be 150 mm which is larger than the
recommended misalignment test value 100 mm in the SAE
J2954 standard [57]. The design variables and their search
space are listed in Table III.

(23)

Nmax =

TABLE IIT
DESIGN VARIABLES AND SEARCH SPACE
Variables Symbol  Unit Range
Number of turns N - 10-35
Number of ferrites Nfe - 5-9
Inner length lin mm  25-300
Inner width Win mm  25-300
Ferrite thickness he mm  5-35
Ferrite width Wie mm  15-45
Relative ferrite length lfe,r % 50-150
Relative gap between ferrites Wag,r % 10-100
Gap between coil and ferrites Get mm  0.1-5
Gap between ferrites and shielding  gg, mm  1-20
Gap between coil turns GJturn mm 1-3
The optimization results are presented in Fig. 10 and 11

where each point represents a unique design of the IPT
system. 7, and 75 include the power losses in the power
converters, compensation capacitors and charging pads. Mmis
is calculated when the lateral offset Ax is 150 mm. For the SS
compensated IPT system, the winding current stress increases
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as the coupling declines due to the offset. The winding current
density is limited below 5A /mm? for the thermal safety. The
maximum magnetic field density in the ferrites is set to be
350 mT to avoid the saturation of the ferrite cores. The color
of points indicates FOM of each design. A trade-off emerges
between the power transfer efficiency and the power density.
A trend can be seen that decreasing the power density, by
increasing either the total weight or the Rx pad surface area,
can improve the power transfer efficiency.

As proved by (23), Nmax becomes higher as the FOM
increases. Given that f, is fixed, one of the ways to improve
FOM is to increase the coil number of turn [V for a higher coil
quality factor . It is because Rqc; o< IV; and Lj o Nf. This
can explain why designs with lower pg could reach a larger
FOM and also a higher 7,;, which is shown in Fig. 10(a) and
11(a). However, as () goes high, the losses in the compensation
capacitors becomes comparable with that of the charging pads.
It is reported in [15] that the calculated loss in the capacitor is
comparable with that in charging pads. The power loss factor
tand of commercial film capacitor can be 0.2%. In that case,
the charging pad with ) above 500 theoretically produces less
power loss than the corresponding compensation capacitor. As
a result, designs with high @ using more copper to gain a
higher FOM cannot always guarantee a higher efficiency.

FOM can also be improved by applying more ferrite
cores. As shown in Fig. 12(b), the average magnetic field
density Bayg within the ferrite cores decreases as the weight
percentage of the ferrite cores py increases. It suggests a lower
ferrite core loss density according to (17). As per Fig. 12(a),
Na1 generally increases as a higher pg. is applied when M is
approximately the same. On one hand, designs with a higher
pre tends to have a lower B, and less amount of copper,
implying a lower R,.. On the other hand, the winding currents
are decided by M based on (1). Thus, it is advantageous to
increase the usage of ferrites to reach a large M whose feasible
range is decided by the DC voltage limit as

8U§C,max

7T2ws Pout

< (24)
When M is beyond the range in (24), the IPT system is
incapable of delivering the rated power.

Based on the Pareto fronts in Fig. 10 and 11, a design
with pg = 0.84 kW /kg and pa = 0.69 kW /dm? is chosen
and highlighted with a star. The highlighted design is on the
Pareto fronts in Fig. 10 with a high aligned efficiency of
97.5%. Under the misaligned condition, this design delivers
an efficiency of 94.1% which is close to but not on the
Pareto front of Fig. 11. When comparing Fig. 10 and 11, the
maximum value of FOM generally drops by half due to the
decreased coupling caused by the misalignment. To improve
the misalignment coupling, charging pads with a larger area
and more cost of material are preferred, thus resulting in an
noncompetitive F'OM. Consequently, a trade-off might be
made between 7, and 7;s. Since the design target is the
static charging application, the misalignment between the Tx
and Rx pads is commonly within a narrow range, so it is
prioritized to have a high 7,;. Besides, the size of the Rx pad
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is 544.8mm * 562.7mm which is also acceptable. Thus, the
highlighted design is selected for prototyping.

VI. EXPERIMENTAL VALIDATION

To verify the performance of the optimal design, an IPT
system is built, consisting of the full-bridge inverter and
rectifier, the compensation capacitor boards, and the Tx and
Rx pads, as depicted in Fig. 13. The DC-DC power transfer
efficiency is measured under the aligned and 150 mm lateral
misalignment conditions.

A. Accuracy of FE Models

The specifications of the optimal design are illustrated in
Table IV. The structure of the charging pads is presented
in Fig. 13, where the copper shielding plates are removed.
According to the size of the Rx pad, the prototype has an
area power density of 69.1 kW /m?. The protective housing
is made of polyoxymethylene (POM). The thickness of the
bottom and wall of the POM housing is designed to be 10
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Fig. 14. Comparison of M obtained from FE models and experiments.

TABLE IV
SPECIFICATIONS OF THE SELECTED DESIGN

Variables Symbol  Unit  Tx/Rx
Number of turns N - 23/31
Number of ferrites Nfe - 715

Inner length lin mm  184.7/66.2
Inner width Win mm  220.8/114.2
Ferrite thickness hge mm  28.8
Ferrite width Wie mm  27.7
Ferrite length lfe mm  515.3/243.1
Gap between ferrites Wag mm  41.8/69.3
Gap between coil and ferrites Gt mm  3.9/1

Gap between ferrites and shielding  gg, mm  10.6/15.0
Gap between coil turns Jturn mm 2.2

mm for a minimal deformation while supporting the weight
of the litz wire and ferrite cores. To reduce the fabricating
labor, channels are milled in the POM housing to guide the
litz wire. The barriers of channels can improve the insulation
level between adjacent coil turns and the height is used to
maintain the gap between the coil and ferrite cores. The strand
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diameter of the litz wire is selected to be 71 pm to minimize
the skin effect at 85 kHz. To limit the current density through
the coils, the litz wire has 2200 strands. It is shown in Fig.
5 that the voltage stress can reach around 8 kV which is
the voltage between the inner turn and the outer turn of the
charging pads. Thus, a special attention is paid to the insulation
of the litz wire segment stretching from the inner turn to
the edge of the POM housing, and extra insulation tape is
wrapped on this litz wire segment, as shown in Fig. 13. The
charging pad dimension and total weight including the housing
material are 516 * 552 * 60 mm?/25 kg for the Tx side and
514%562%60 mm?/21 kg for the Rx side. Correspondingly, the
gravimetric and volumetric power density are 0.435 kW /kg
and 581 kW /m?, respectively.

The comparison of M between the FE models and exper-
iments is depicted in Fig. 14. The maximum relative error
is 12% and occurs at 150 mm lateral offset. Considering
the possible spatial location error, the difference between the
measurements and FE analysis is mostly acceptable. L; and
Ly are measured to be 292.3 pH and 199.6 pH, respectively.
Based on the tuning method in (5) and (2), C; and Cy are
designed to be 11.99 nF and 17.57 nF. Each capacitor unit
has 6.7 nF and 400 V rms limit. Considering the rms voltage
limit of 8 kV, the capacitor boards are designed as ns 1 = 26,
Np1 = 45, Ng2 = 13 and Np2 = 34.

B. Power Transfer Efficiency

According to the load matching method described in Section
IV, the output power is regulated by changing Ug.; while
Ulqg,2 is controlled by a back-end DC-DC converter to achieve
load matching for the maximum efficiency. Since the DC-DC
converter design may change for EVs with different battery
voltages, the DC-DC power transfer efficiency discussed in
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Fig. 16. Measured power transfer efficiency at different power levels under
(a) aligned and (b) misaligned conditions, and (c) power losses calculated by
using the proposed analytical losses model at 20 kW P;j,.

this paper does not include the PFC front-end circuit and back-
end DC-DC converter. To test the performance of the designed
prototype, the DC power supply (CINERGIA GE20) is used to
provide the DC power with the voltage range of 0—750V. The
bipolar DC grid (CINERGIA B2C80) with the voltage range
of 0—1500 V and the current range of 0—41 A is utilized as an
electronic load with regenerative power injection. The DC grid
is controlled to operate as a constant electronic resistor which
is set to be 34 € and 15 Q for the aligned and misaligned
conditions, respectively.

The full-bridge converter and series compensation circuit

2332-7782 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE daermission. See httg
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are illustrated in Fig. 15. The Tx and Rx sides use iden-
tical full-bridge converters, but different series compensa-
tion capacitor boards. Considering the high operating fre-
quency of 85 kHz, the commercially available SiC MOSFETSs
IMZ120R030M1H rated to a maximum blocking voltage of
1200 V and maximum recommended constant current of 56
A is used. At 25 °C, the on-state resistance is 30 mf2. To
reduce the conduction losses, three MOSFETsS are connected in
parallel for each functional switch of the full bridge converter.

By adjusting Ugc,1, the power transfer efficiency with P,
ranging from 1 — 20 kW is presented in Fig. 16(a) and 16(b).
The DC-DC power transfer efficiency is measured by a power
analyser (YOKOGAWA WT500). As shown in Fig. 16(a), na
increases from 96.9% to 97.2% as P,, increases from 1kW to
20 kW. The designed aligned efficiency 7, is 97.5% which is
just 0.3% higher than the measurement at 20kW. The power
transfer efficiency under misaligned condition is shown in Fig.
16(b), where 7mn;s fluctuates in a small range. At the rated
operation condition, 75 is 94.1% which is almost equal to the
designed value 7y ... The analytical power losses of different
components at 20kW P, is depicted in Fig. 16(c). The major
part of the power losses is Py, followed by P, and Piep,.

The measured waveforms and power transfer efficiency at
the rated power are illustrated in Fig. 17. It can be seen in both
Fig. 17(a) and 17(c) that uap leads i; by a certain degree,
thus ensuring the ZVS operation of the full-bridge inverter.
It should be noticed that the angle of the input impedance is
larger in Fig. 17(c), because L, increases slightly from 292.3
pH to 300.7 pH due to the misalignment.

VII. CONCLUSION

This paper has presented the detailed design guideline and
demonstration of a highly efficient 20 kW IPT system. The
developed prototype has a higher efficiency under the aligned
and misaligned condition than the 20kW+ IPT systems used
for the charging of EVs in the IEEE literature. To provide a
clear guideline on the system design, the analysis and selection
of the compensation circuits, and the optimization of the charg-
ing pads are detailed. A general analytical method is proposed
to compare the maximum efficiency, winding current stress,
capacitor voltage stress and misalignment tolerance of the SS
and DLCC compensation circuits. The SS compensation is
found to be more advantageous for a higher efficiency and
a lower Rx side voltage and current stresses than the DLCC
compensation, which is favorable in EVs charging applica-
tions. To find the optimal design of the charging pads, a MOO
design method is presented. The MOO design involves both
the analytical and FE models to calculate the power losses of
the IPT system. Taking the aligned/misaligned efficiency and
area/gravimetric power density as the objectives, the optimal
Pareto fronts are obtained, and a design theoretically delivering
an aligned efficiency of 97.5% and a misaligned efficiency of
94.1% is selected for prototyping. Finally, a prototype with an
area power density of 69.1 kW /m? is built. The efficiency is
measured to be 97.2% at the aligned condition and 94.1% at
the misaligned condition.
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