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Design and Optimization of an Electric Vehicle
Wireless Charging System Using Interleaved Boost
Converter and Flat Solenoid Coupler

Yousu Yao
Xiaosheng Liu

Abstract—Simple but effective output voltage/current control
schemes are essential for electric vehicle wireless charging systems
(EVWCSs). This article proposes an EVWCS using interleaved
boost converter (IBC) and flat solenoid coupler (FSC). The closed-
loop control between the primary and secondary is realized by
adjusting the duty cycle of the IBC. The currents and losses in
the primary are reduced in the proposed system because the dc
bus voltage in the primary is increased by using the IBC. The input
current ripple is diminished owing to the interleaved structure. This
article also proposes a parameter optimization method to obtain
the optimal FSC. Without loss of generality, the total area of the
transmitter (Tx) and receiver (Rx) is assumed to be constant, and
the Tx is assumed to be larger than the Rx. A scale-down proto-
type whose output power is 500 W was built in the laboratory to
verify the theoretical analysis. The output voltage of the prototype
kept constant when the misalignment was 200 mm in the winding
direction or 100 mm in the magnetic direction. A highest system
efficiency, from dc input to dc output, of 90.1% was achieved when
the power transfer distance was 170 mm.

Index Terms—Closed-loop control, flat solenoid coupler (FSC),
interleaved boost converter (IBC), parameter optimization,
wireless charging system.

I. INTRODUCTION

IRELESS power transfer (WPT) can transmit electrical
W energy through a relatively large air gap. It shows the
advantages of flexibility, convenience, and safety. Most of the
disadvantages of conductive power transfer can be overcome
or diminished by using this new technology [1]-[3]. WPT can
be employed in many applications such as electric vehicles,
automatic underwater vehicles, and implantable medical devices
[41-[6].
To expand the load lifetime and achieve better performance,
the output voltage/current of a WPT system should be stable.
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Nevertheless, the misalignment between the transmitter (Tx)
and receiver (Rx) has great impact on output voltage/current.
Hence, an effective closed-loop control scheme is essential.
Three types of control strategies are commonly utilized in WPT
systems. They are primary side control (PSC), secondary side
control (SSC), and primary and secondary sides control (PSSC),
respectively [7]-[10]. In this article, PSC (SSC) refers to the
control that both the sampling and control are implemented at
the primary (secondary) side, while PSSC refers to the control
that the sampling and control are implemented at the secondary
and primary sides, respectively. The response of PSC is fast, but
the output accuracy is low. It is not suitable for the scenarios
where high output accuracy is required. The output accuracy of
SSC is high, but it increases the volume and weight of the Rx.
PSSC feeds the output voltage/current at the secondary back to
the primary. Hence, the control accuracy is high. In addition,
PSSC is suitable for the applications where the primary space is
large and the secondary space is small, for instance, the electric
vehicle wireless charging systems (EVWCSs). Therefore, this
article will focus on PSSC.

Variable frequency control at the primary and secondary sides
can keep the output voltage/current constant, but it results in the
loss of resonance and zero phase angle (ZPA), and introduces
a large amount of reactive power increasing the stresses over
the components [9]. Phase shift control of a WPT system using
a full-bridge inverter (FBI) can maintain the resonance of the
system, but the disadvantages of low inverter gain (defined as
the ratio of the fundamental harmonic of the output voltage of
the inverter to the dc input voltage of the inverter) and narrow
adjustment range limit its utilization in practical systems [10].
To increase the inverter gain and widen the adjustment range,
this article replaces the FBI with an interleaved boost converter
(IBC). A greater inverter gain indicates a higher output voltage
of the inverter and smaller currents and losses in the primary.
Moreover, IBC can reduce the ripple of the dc input current.
Consequently, the impact of the WPT system on power grid is
attenuated.

Misalignment tolerance is an important issue in EVWCSs.
Optimizing compensation topologies and modifying magnetic
couplers are two widely employed methods which can effec-
tively improve the misalignment tolerance of WPT systems.
However, optimizing compensation topologies may introduce
additional resonant components and reduce system efficiency


https://orcid.org/0000-0002-5533-3190
https://orcid.org/0000-0001-6959-8619
https://orcid.org/0000-0002-3690-9473
https://orcid.org/0000-0002-3149-9153
https://orcid.org/0000-0002-1594-8625
mailto:yaoyousu@163.com
mailto:hitgsh@163.com
mailto:wangyijie@hit.edu.cn
mailto:liuxsh@hit. ignorespaces edu.cn
mailto:xiangjunzh@hit.edu.cn
mailto:xudiang@hit.edu.cn
https://ieeexplore.ieee.org

YAO et al.: DESIGN AND OPTIMIZATION OF AN ELECTRIC VEHICLE WIRELESS CHARGING SYSTEM

[11]-[15]. Therefore, the misalignment tolerance will be im-
proved by modifying magnetic couplers in this article.

Flat solenoid coupler (FSC) provides good misalignment tol-
erance in winding direction but poor misalignment tolerance in
magnetic direction. To reduce the cost and weight, H-shaped and
split-core-based FSCs were proposed where the amount of the
ferrite core was significantly decreased [16]-[21]. To improve
the coupling coefficient and misalignment tolerance of FSCs,
the ferrite shape was carefully optimized [22], [23]. Moreover,
some researchers combine FSCs with other couplers to make
full use of the advantages of different magnetic couplers [24].

Although a lot of studies have been done to improve the
performance of FSCs, some issues need to be further addressed.
For example, is H-shaped core the optimal? How many segments
should the core be split into for a split-core-based FSC? How
much ferrite can be taken out from the original core? This
article proposes a parameter design method based on which the
optimal FSC employing much less ferrite, providing sufficient
coupling in the whole operating area, and showing good mis-
alignment tolerance can be readily obtained. Considering the
wireless charging of sport utility vehicles, the power transfer
distance is determined as 170 mm in this article. The maximum
misalignments are 200 mm in the winding direction and 100 mm
in the magnetic direction, which are 100% and 33.3% larger than
the recommended values in J2954.

This article mainly has two contributions. First, introduction
of the IBC into WPT system results in smaller receiver size,
higher system efficiency, and lower input current ripple. The
output voltage of the proposed WPT system can be regulated by
changing the duty cycle of the IBC. Hence, the dc—dc converter
employed in the secondary side of a conventional WPT system is
removed. The receiver becomes smaller and lighter. The system
efficiency is improved because the dc bus voltage is boosted,
and the currents in the primary side are reduced. The input
current ripple becomes much lower owing to the interleaved
structure. It significantly reduces the impact of the WPT system
on power grid. Second, a novel magnetic coupler based on flat
solenoid coil is proposed for electric vehicle wireless charging.
The proposed coupler shows the advantages of higher coupling
coefficient, better misalignment tolerance, and less ferrite core
usage.

The remainder of this article is organized as follows. Section II
analyzes the working principles of the proposed EVWCS, espe-
cially the input and output characteristics of the IBC. Section III
introduces the proposed parameter design method in detail.
Section IV focuses on the system modeling and closed-loop
control strategy. To verify the correctness of the theoretical
analysis and the advantages of the proposed system, a prototype
whose output power is 500 W was built in Section V. Finally,
Section VI concludes the article.

II. CIRCUIT ANALYSIS OF THE PROPOSED EVWCS
A. Introduction of the Proposed System

Fig. 1 shows the schematic circuit of the proposed EVWCS.
Uiy, 1s the dc input voltage. Cj, is the voltage-stabilizing ca-
pacitor. Uci, is termed dc bus voltage in this article. L; and
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Fig. 1.  Schematic circuit of the proposed EVWCS.
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Schematic circuit of the boost inverter.

Fig. 2.

Lo are two interleaved inductors. Q1—Q, are four MOSFETS.
Ly, Ly, and Q1—Q4 constitute the IBC. It works as not only
a boost converter which boosts Ui, to Ugi, but also a FBI
which converts Ucj, into the high-frequency square-wave volt-
age Uap. For the sake of straightforwardness, it is called boost
inverter hereafter. C; and Co are the primary and secondary
series compensation capacitors, respectively. Lp and Lg are the
primary and secondary self-inductances of the magnetic coupler,
while M is the mutual inductance, D1—D, are four diodes, Cg
is the filtering capacitor, and R is the resistive load. The output
voltage Uo is sampled in the secondary and then transmitted to
the primary using Bluetooth HC-05. The received output voltage
is compared with the preset value. The difference between them
is sent to the PID controller to control the ON and OFF of the
MOSFETs and keep the output voltage constant in the case of
misalignment.

B. Output Characteristics of the Boost Inverter

Fig. 2 shows the schematic circuit of the boost inverter. Z
stands for the equivalent impedance of the poststage circuit. Ly,
(01, and Q3 constitute the first boost converter. Ly, Q2, and Q4
constitute the second boost converter. Similar to the duty cycle
of a boost converter, the ratio of the ON time of Q3 and Q4 to
the whole period is defined as the duty cycle D for the boost
inverter. The ON time of Q3 equals to that of Q4 but Q4 lags QO3
by half period. The conduction of Q; and Q3 as well as Qs and
Q4 is complementary.

The duty cycle of the boost inverter can be categorized into
three cases, i.e., D < 0.5,D =0.5,and D > 0.5. Ly, and L are



3896

B 4

B 4

4

4

4

i 4

B 4

4

04

e 4

Ucin -

Uas

~Ucinf----

4

(b)

i 4

B 4

B 4

B 4

B 4

[’Y.\B .
L s

©

Fig. 3. Drive signals of Q1—Q4 and waveforms of Uap with different duty
cycles. (a) D < 0.5.(b) D=10.5.(c) D > 0.5.

alternately charged and discharged throughout the operation,
resulting in a stable Uciy, Which is assumed to be constant in
the analysis. Based on the principle of volt—second balance, the
following equation can be deduced

Un.DT + (Uin — Ucm)(l — D)T =0. (1)
Then, Uc;, is obtained by solving (1)

Ui

Uin: .
“nTITD

2

Fig. 3 shows the drive signals of Q;—Q4 and waveforms of
Uap in the cases of different duty cycles. 04c.q represents the
dead angle of Uap, which can be expressed as follows:

m—2rD (D <0.5)
Biend = 4 0 (D =0.5) 3)
2D —7m (D > 0.5).
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Fig. 4. Schematic circuit of a conventional full-bridge inverter.

According to the Fourier decomposition, the root mean square
(rms) of the fundamental harmonic of Uap can be yielded

3((27[]5) cos (3 —mD) (D <0.5)
(D=05) (4

W2y,
2V20i cos (mD — Z) (D > 0.5)
7(1-D) 2 )

Uap1 =

Equation (4) can be simplified into
22Uy, cos ( D 7'(')

_SvVerin D — =

m(1—D) 2

Based on the definition of the inverter gain, it can be deduced
as follows:

Ua1 = (0<D<1). (5

24/2 T

- s (xD — 7) . 6

U; w(1—D)C°b(” 2 ©)
Fig. 4 shows the schematic circuit of a conventional FBI.

Uap.rp1 represents the output voltage of the FBI. The funda-

mental harmonic of U p_pp1 (rms value) can be calculated using

the following equation when the phase shift angle is 0:

V2, %)
T

G = Uapi1

UaBi-FBI =

The inverter gain of the FBI can be derived

UaBi- 22
Grpp = JABLFBL _ \[ @)
U; T
A novel parameter Gy, defined as the ratio of Gp; to Grpy, is
introduced to compare the inverter gain of the BI and FBI

- gFBBII = - _1D cos (wD - g) . 9)
On the basis of (2), the ratio of Uciy, to Uy, termed boost ratio

in this article, can be obtained

Ucin 1

Un

Go

GBr = (10)

1-D°

Fig. 5 shows the plots of Gy and Ggr as functions of the
duty cycle. When D is smaller than 0.27, the dead time of Uap
is relatively long and Gy is lower than 1. When D is greater
than 0.67, Gpgr is higher than 3 and Uc;y, is quite high. The
MOSFETs with high drain-to-source voltages should be selected,
which increases system cost and deteriorates system reliability.
Therefore, D is determined to be higher than 0.27 and lower than
0.67 in the proposed system.
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Fig. 5. Plots of Gp and Ggr as functions of the duty cycle D.

C. Advantages of the Boost Inverter

The transmitter of an EVWCS is usually large in size, and the
number of turns is great. Hence, the equivalent series resistance
(ESR) of the transmitter is high. Reducing the current flowing
through the transmitter can effectively reduce the loss and im-
prove system efficiency. The boost inverter can step up the dc bus
voltage and lower the current flowing through the transmitter.
In other words, the boost inverter can improve system efficiency
by decreasing the loss of the transmitter.

The voltage-stabilizing capacitor Ci, of the FBI (see Fig. 4)
is periodically charged and discharged, causing a large ripple
in the input current. The input current ripple has great impact
on the power grid. This problem can be alleviated when a BI
is employed. Fig. 6 shows the input current (/j,) and inductor
currents (/17 and Irs) of a BI in the cases of different duty
cycles. I;;, equals the sum of I1,; and I1,2. Owing to the interleaved
structure, the ripples of I1,; and /1,5 cancel each other out. Hence,
the ripple of [, is small. It is even zero when the duty cycleis 0.5.

D. Output Characteristics of the Proposed EVWCS

SS compensation topology showing many advantages includ-
ing ZPA, high efficiency, good high-order harmonics suppres-
sion capability, and coupling-independent resonant frequency is
employed in this article. To minimize power loss and achieve
ZPA, Cq (C3) should resonate with Lp (Lg) at system operating
frequency fy

11

- CiLp  CoLg’
wy 1s system operating angular frequency. Equation (12) gives
the correlation between Ug and Uj,. The duty cycle D will be
adjusted to keep Ug constant if a misalignment appears. Ry is
the nominal resistance

_ 8Ry cos (7D - 2)U;
~ 72(1 - D) kwovIpLs

wo? = (21 fo)? an

Uo (12)

III. OPTIMIZATION OF THE FLAT SOLENOID COUPLER

The transmitter embedded in the ground is generally larger
than the receiver mounted on the vehicle due to the size limitation
of the chassis in an EVWCS. Fig. 7 shows the original FSC for
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Fig. 6. Simulation results of the input current (/;,) and inductor currents (/1,1
and I1,2) of aBL (a) D < 0.5. (b) D =0.5. (¢c) D > 0.5.
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Fig. 7. Original FSC for EVWCSs.

EVWCSs which has not been optimized. It is comprised of two
ferrites and two windings.

Fig. 8 shows the main size parameters of the original FSC. The
power transfer distance from the upper surface of the transmitter
to the lower surface of the receiver is Dpr. Lpr and Wprg
(Lsr and Wgp) represent the length and width of the primary
(secondary) ferrite. Cyyp stands for the clearance between the
winding and ferrite. It is 3 mm because the ferrite is placed in a
cuboid acrylic box whose thickness is 3 mm. The thickness of
winding (ferrite) is represented by Ty (Tr). Wpw and Wsw are
the widths of the primary and secondary windings, respectively.

Among the aforementioned size parameters, Lsy, Lpr, Wsp,
Wpr, Dpr, Wsw, and Wpyw are determined by the applications.
They are unchanged in this article. The impact of Ty, Tw,
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Fig.8. Main size parameters of the original FSC. (a) Right and (b) front views.

TABLE I
UNCHANGED SIZE PARAMETERS UTILIZED IN THE SIMULATIONS
Parameter Value Parameter Value
Lsr 300 mm Wsw 64 mm
Lpr 400 mm Wrw 128 mm
Wsr 300mm Tr 10 mm
Wer 400 mm Tw 3.2 mm
Drr 170 mm Cwr 3 mm

and Cwr on coupling and misalignment tolerance is negligible
because their variation ranges are small. The unchanged size
parameters utilized in the simulations are listed in Table 1.

The original FSC shown in Fig. 7 is cumbersome since it
requires a large quantity of ferrite. The lightweight design makes
great sense for the wide deployment of this coupler. In this
article, a predetermined ratio of ferrite will be removed from
the original coupler. This results in two issues—what is the
optimal core shape and how to allocate the removed ferrite
between the transmitter and receiver. These two issues will be
discussed in the following two subsections, respectively. Poor
misalignment tolerance in Y direction is another disadvantage
of FSC. This article will improve the Y-direction misalignment
tolerance of FSC by separating the windings. Both the primary
and secondary windings will be divided into two subwindings
connected in series. The two subwindings of the primary or
secondary winding will be wound in the ferrite with a gap.
The length of the gap will be optimized in subsection C. To
summarize, the optimization of the FSC mainly contains three
steps. The first step is to determine the primary and secondary
core shapes. The second step is to obtain the optimal ratios of the
removed ferrite between the transmitter and receiver. The last
step is to optimize the length of the gap between two subwindings

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 4, APRIL 2021

Fig. 9. Diagram of the preliminary transmitter optimization.

in both the primary and secondary sides. More details regarding
the optimization can be found in the following three subsections.

A. Preliminary Optimization—Determination of
Core Shape

The transmitter is first optimized. Fig. 9 shows the diagram
of the preliminary transmitter optimization. Ly and Ly repre-
sent the length and width of the ferrite that is removed from
the original square ferrite. To obtain a transmitter performing
symmetrically with respect to X and Y axes, the removed ferrite
is also symmetrical with respect to X and Y axes.

The area of the original primary ferrite is

Sp = LprWpr. (13)
The area of the removed ferrite is
Srp = 2L« Ly = k1Sp (14)

where k; is the ratio of Sgp to Sp. It is determined as 50% in
this article. The variation ranges of Ly and Ly (constraints of the
preliminary transmitter optimization) can be readily obtained
from Fig. 9

{0<LX<LPF 15)

OSLYS@'

Substituting the parameters in Table I into (13)—(15), the
variation range of Ly, 100 mm < L, < 200 mm, can be
obtained. Fig. 10 shows the coupling coefficients as functions
of X- and Y-axis misalignments and L,. CRRAx and CRRAy
represent the coupling retaining ratios in X and Y directions.
They are defined by (16), where ka x, kA vy, and k,j; stand for
the coupling coefficients under misaligned and aligned cases,
respectively. The subscripts AX = 200 and AY = 100 imply that
the misalignments in X and Y directions are 200 and 100 mm,
respectively. CRRa x and CRR A y are indicators reflecting the
misalignment tolerance of a magnetic coupler

kay
kali '

kax

CRRax = 5=

, CRRay =

(16)

As shown in Fig. 10(a), the coupling coefficient increases
gradually, whereas CRR x — 29¢ increases first and decreases
later as L, increases from 100 to 200 mm. Nevertheless, the
change of CRRA x = 200 is so tiny that can be ignored when L,
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Fig. 11. Diagram of the preliminary receiver optimization.

is relatively large. As shown in Fig. 10(b), both the coupling co-
efficient and CRR o y = 100 increases gradually as L, increases
from 100 to 200 mm. Therefore, L, is determined as 200 mm to
acquire the highest coupling coefficient and good misalignment
tolerance.

The receiver is then optimized. The preliminary optimization
of the receiver is highly similar to that of the transmitter. Fig. 11
shows the diagram of the preliminary receiver optimization. L,
and Ly, represent the length and width of the removed ferrite,
respectively. The area of the original secondary ferrite is

Ss = LspWsr. (17
The area of the removed ferrite is
Srs = 2L, Ly, = k2Ss (18)
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where ks is the ratio of Sgg to Sg. It is determined as 25% in
this article. The variation ranges of L, and Ly, (constraints of the
preliminary transmitter optimization) are
0<L,<L
{ >~ Lig >~ LSF (19)

W,
0< Ly < War,

Substituting the parameters in Table I into (17)—(19), the
variation range of Ly, 37.5 mm < L; < 150 mm can be obtained.

Fig. 12 shows the coupling coefficients as functions of X-
and Y-direction misalignments and L;. As shown in Fig. 12(a),
the coupling coefficient increases gradually and CRRA x = 200
fluctuates as L increases from 37.5 to 150 mm. The coupling
coefficient is too low to transfer sufficient power when L; is
37.5 mm even though CRRAx = 2900 is the highest in this
case. As shown in Fig. 12(b), the coupling coefficient increases
gradually and CRRA y = 100 increases first and decreases later
as L increases from 37.5 to 150 mm. It is important to note that
the change of CRRA x — 200 and CRRAy — 199 in both cases
is so small that can be ignored. Therefore, L; is determined
as 150 mm to obtain the highest coupling coefficient and good
misalignment tolerance.

L, equals 200 mm indicates that the optimal primary ferrite
is not an H-shaped core because the intermediate ferrite has
been totally removed. The preliminary optimized core of the
transmitter looks like an equal sign, as shown in Fig. 13(a).
For statement convenience, it is termed double-I-shaped core.
The optimization of the receiver shows a similar result. The
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Fig. 13. Diagram of the FSC after the preliminary optimization. (a) Transmit-
ter. (b) Receiver.

preliminary optimized core of the receiver also looks like an
equal sign, as shown in Fig. 13(b). In fact, the object of the
preliminary optimization is to obtain the optimal core shape.
This step can be directly skipped in subsequent optimizations.

B. Second Optimization—Distribution of Removed Ferrite

The preliminary optimization determines the core shapes
of the transmitter and receiver. The second optimization will
distribute the removed ferrite to the transmitter and receiver with
reasonable allotments in the case that the total removed ferrite
is predetermined.

As shown in Fig. 13, L, and L, represent the lengths of the
ferrites removed from the transmitter and receiver, respectively.
The second optimization is based on the preliminary optimiza-
tion. Hence, the volume of the removed ferrite keeps constant,
ie.,

L Wpp + LyWsp = k15Sp + k2Ss. (20)

Apparently, the variation ranges of Ly, and L,, (constraints of
the second optimization) are
0< Ly < Lpp
{0 < L, < Lgp. @D
Substituting the parameters in Table I into (20) and (21), the
variation range of L;,, 31.25 mm < L,, < 256.25 mm, can
be acquired. If L, is very large or very small, the transmitter
core or the receiver core will be very small, and the coupling
coefficient will be quite low. Therefore, the lower boundary of
L., is increased to 40 mm and the upper boundary is dropped to
240 mm.
Fig. 14 shows the coupling coefficients as functions of X-
and Y-direction misalignments and L,,,. Although CRRA x — 200
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Fig. 15. Diagram of the FSC in the final optimization.

and CRRA v = 100 reach their peaks when L., equals 240 mm,
the coupling coefficients are quite low. This is unacceptable in
practical applications because the system efficiency will be very
low. The coupling coefficients when L,, equals 160 mm are
similar to those when L, equals 200 mm. However, CRRA x
— 200 and CRRAy = 190 are higher when L,, equals 200 mm.
Therefore, L, is finally determined as 200 mm.

C. Final Optimization—Distances Between Separated
Windings

The second optimization determines the dimensions of the
cores. The final optimization will further optimize the coupling
coefficient by separating the windings of the transmitter and
receiver. Fig. 15 shows the diagram of the FSC in the final
optimization. Dy represents the distance between the separated
windings.
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Fig. 17.  Schematic of the final FSC after three times optimization where Pri.,
Sec., Fe., and Win. are abbreviated for Primary, Secondary, Ferrite, and Winding,
respectively.

Changing the distance between the separated windings has
little impact on misalignment tolerance. As a result, only the
coupling coefficients are considered in the final optimization.
Fig. 16 shows the coupling coefficients in three cases when Dy
increases from O to 100 mm (constraint of the final optimization).
All the three cases have their own peak points. Choosing which
peak point depends on the practical requirements. In this article,
the coupling coefficient is relatively low when the Y-direction
misalignment is 100 mm. To obtain a higher coupling coefficient
when AY = 100 mm, Ps is chosen, i.e., Dyw = 70 mm.

The finally obtained FSC after three optimizations is shown in
Fig. 17. Both the transmitter and receiver are comprised of two
parallel placed ferrite bars and two separated windings which
are connected in series.

D. Comparison Between the Proposed and Conventional
Couplers

Table I shows the comparison between the proposed and con-
ventional magnetic couplers under the condition of equal ferrite
size, number of turns, and power transfer distance. The magnetic
couplers involved in the comparison include the planar circular,
planar square, double-D (DD) and proposed structures. PS and
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SS represent the primary and secondary sides, respectively. PTD
stands for power transfer distance. The numbers of turns of
the transmitter and receiver are, respectively, 40 and 20 for all
couplers. The coupling coefficients of DD couplerin all cases are
low. Hence, itis not suitable for applications where the receiver is
much smaller than the transmitter. Although k,j; of the proposed
coupler is alittle lower than that of the planar circular and square
couplers, CRRAx — 200 and CRRaAy — 190 of the proposed
coupler are much higher. In other words, the proposed coupler
provides much better misalignment tolerance. Moreover, k,); of
the proposed coupler is 0.1069, which is sufficiently high for the
transfer of electrical power with a high efficiency.

IV. SYSTEM MODELING AND CLOSED-LOOP
CONTROL STRATEGY

Generalized state space averaging method is employed in
this article to build the small signal model of the proposed
EVWCS, based on which the closed-loop control characteristics
are analyzed.

A. Small Signal Model of the EVWCS

Fig. 18 shows the equivalent circuit of the proposed system.
gq1 and gqo are the switching functions of Q1 and Q2 which
describe the nonlinear characteristics of the boost inverter. gp
is the switching function of the rectifier which describes the
nonlinear characteristics of the rectifier.

On the basis of Fig. 18, the differential equations of the
proposed system can be yielded as follows:

LA — 1 — g6 () Un (1)

LZdIEi—Qt() = Uin — 9q2 (t) Ucin (t)

Cin 29520 = g1 (1) [T (1) = Tup ()] + -
92 (t) [T (t) + Iup (1)]

Ucin (t) [9q1 (t) — 9q2 (t)] = Uc1 (t) + )
Iy (t) Iy (t
LP e M Et( )

c, dUﬁi() = I, (1)
L, Yrs(t) dILs( ) 4 Ucsa (t) + gp (t) Ucr () = Md]iﬁ:(t)

s (1)

C dUCF(t) + UCF(t)

C, dUcz(t) = I1e

gp (t) Is (t) .

Equations (23)—(25) show the expressions of gq1, gq2, and
gp- gqi1(H) = 1 means Q; is ON and Q3 is OFF; gqi1(¥) = 0
indicates Q1 is OFF and Q3 is ON. Similarly, gq2(f) = 1 means
Q> is ON and Q4 is OFF; gqa(?) = 0 indicates Q5 is OFF and Q4
is ON. The rectifier works in the positive half cycle when gp(?)
= | and in the negative half cycle when gp(r) = 1.

(1) = ImT<t<(m+1-D)T,meN
I = 0,(m+1-D)T<t<(m+1)T,meN
(23)
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TABLE II
COMPARISON BETWEEN THE PROPOSED AND CONVENTIONAL MAGNETIC COUPLERS

Coupler Planar circular Planar square DD Proposed

S S W

Coordinate system

Coil size (mm)’ PS:400/144 PS: 400%400/144x144 PS: (400x200/272x72)%x2 PS: (400x64+400x64)x2
SS:300/172 SS:300%x300/172%172 SS: (300%150/236%86)x2 SS: (300%32+300%32)x2
Ferite size (mm) PS: @400 PS: 400x400 PS: 400x400 PS: 400x100x2
SS: ®300 SS: 300x300 SS: 300300 SS:300x112.5%2
PTD (mm) 170 170 170 170
Keati 0.1266 0.1567 0.0845 0.1069
kax=200 0.0215 0.0344 0.0404 0.0853
kav=100 0.0850 0.1126 0.0305 0.0778
CRRAx=200 0.170 0.220 0.478 0.798
CRRAv=100 0.672 0.719 0.361 0.728

*Coil sizes of the planar circular, planar square, DD and proposed couplers are expressed in the following forms. Planar circular: outer diameter/inner diameter, planar square: outer
side length x outer side width/inner side length x inner side width, DD: (outer side length x outer side width/inner side length X inner side width of a single D coil) x number of
D coils, proposed: (length x width of the first part + length x width of the second part) x number of layers.

I

go1(Li—1p)

Ly
I |
U Ly ucin_ = C,
N 8QUCin 7]
cl) gQIUCin g(atly)

Fig. 18.  Equivalent circuit diagram of the proposed system.

i'l_
0 sz”TcF x
4

w={t m+§)T§t<(m+%—D T,meN {(gp)g =0
92 =0, (m+3-D)T<t<(m+3)T,meN (gp); = 2 29)
(24) (o) 1 = 2.

L (m-HT<t<(m+HT,meN As shown in (30), the variables in (22) can be approximated
go (1) = L, (m+HT<t< (m+3)T,meN. 25) by their Fourier series. Both the —1, 0, and +1 order Fourier
series of Ir,1, I2, and Uci, are considered because they contain

The Fourier series coefficient of gq1(?) is both dc and ac components. By contrast, only the —1 and +1
order Fourier series of Uc1, Uca, Iy, and I1¢ are taken into

1 _ consideration since they are approximately sinusoidal. The rip-

_ jkwt y pp y p

{gau (1)) T ( / gar (t)e dt) ' (26) ple of Ucr is very small. Hence, only the O order Fourier series

of Ucr is taken into account.
By expanding (g1 (t))x at k =0 and %1, (27) can be yielded

I (t) m (Iug)_je 3 o+ (Ir1)o + (i) @
_ Iz (t) ~ (Iug) 7" + (IL2) g + (Tra) "
<gQ1>O =1-D ~ 4 jwt t
<9Q1>1 = *% sin 27D + # (cos2mD — 1) (27) (U]Cin(sft)):ééjmyielfjwt _|_+<[<]chnljwj <Ucln>1€J
(9q1)_; = le sin27D + - (1 — cos 27 D). cLi) A Ee 1 o1 L (30)
T T ILp( ) ~ <ILp> . <ILp>1?]t
Similarly, (28) and (29) can be obtained by expanding IULS (2)%~<€ILJS> >e ; JWTiI?U} e; st
(9g2(t))k and (gp(t))x atk =0and £ 1 C2 1) = AYC2/ 1 C2
UCF( ) ~ <UCF> .
(9Q2) = 1 -D The —1 and +1 order Fourier series coefficients are conjugate
(9q2); = 5= sm 2D + J— L (1 —cos2mD) (28) and symmetric. Therefore, we only need to solve the real and

(9q2)_1 = 5= sin2wD + J— L (cos2mD — 1) imaginary parts of the 41 order Fourier series coefficient. Then,
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the real and imaginary parts of the —1 order Fourier series can
be obtained, and the circuit variable can be restored using (30).
Let

(Ita)o = x1, (It1), = 2 +jx3

(IL2)g = 24, (IL2)1 = x5 + jT6

2U01n>>0 = 27, (Ucin), = 8 + jTg

Uci); = z10 +jz11

(ILp), = T12 + jT13 G
(I1s); = T14 + jz15
(Uc2), = m16 + jr17
(Ucw)y = ®18-

The generalized state variables can be obtained as follows:
x(t) = (32)

The product in (22) can be decoupled using the convolution
property of Fourier series. Based on the differential and linear
properties of the Fourier series, the differential equations of the
system can be simplified as

(i

where u(f) = [Ui,] is the input voltage of the system, and y(f) =
[Uo] = [Ucr] is the output voltage of the system. A isa 18x 18
matrix given in Appendix A. B, C, and D are shown in (34),
(35), and (36), respectively. Z, «, denotes an mxn zero matrix.

[331,.%2, e ,xlg}T.

Ax (1) +Bu (t)

Cx () +Du (¢) (33)

T

B:[LLL%OL%L%Z“w]lxls (34)
C= [ZlX” ]‘]1><18 35)
D=[0]. (36)

The state variables in (33) do not change with time in steady
state. Hence, their derivatives are 0, i.e., the left side of the
equation is 0. Then, the steady-state solution of the system can
be obtained

(37

Xss = _AilBUss
Yss = CXgs+DUgs.

Add a small disturbance to the state variables and input
variable, i.e.,

$1:Xi755+£i'i(’i:1,2,...
Uin = Uin,ss +ﬁin
y=Ys+79

D = Dy +d.

18)
(38)

Substituting (38) into (33) and ignoring the steady-state vari-
ables and second-order small signal variables, the small signal
model is finally acquired

{3-

The full expressions of E are given in Appendix B. In order to
calculate the small signal transfer function from the duty cycle
D to the output voltage Up, it is assumed that the input voltage
does not fluctuate, i.e.,

A% (t)+Bii (t) +Ed (t)

Cx (t) +Da (t). (39

iiin (£) = 0. (40)
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Fig. 19.  Block diagram of the proposed closed-loop control system.
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Fig. 20. Bode diagrams of G{,(s), G(,(5)G3p3z(s), and G (5)Gc(s).

Then, the small signal transfer function of the system can be
deduced as follows:

Uo

Gy (s) = =2 =C(sI-A)'E. (41)

B. Design of the Closed-Loop Controller

Fig. 19 shows the block diagram of the proposed closed loop
control system, where G.(s), Gni(), Gp(s), Gdelay (5), and H(s)
are the transfer functions of the compensator, PWM modula-
tor, WPT system, wireless communication delay, and voltage
sampling, respectively.

The gain function of the uncompensated system is

Go(s) = Gm(s)Gp(s)Gdelay (s)H (s). (42)

The maximum delay of the wireless communication module
(Bluetooth in this article) is 10 ms. Hence, Ggelay(s) can be
expressed as follows:

G(delay (5) = 0015, (43)

The Bode diagram of Gy(s) has 17 poles and 15 zeros. It is
too complicated to be analyzed and most poles and zeros have
little impact on the closed loop control. Hence, a simplified gain
function G{(s) is derived where only the dominant poles and
zeros are preserved and the other poles and zeros are removed.
When the transmitter and receiver are aligned (the coupling
coefficient equals 0.112), the expression of Gy(s) is given by
(44), based on which the Bode diagram is plotted and shown in
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1.234 X (g5 + 1) x e 001

(g + 1) X (5e0e5282 +5.37 x 10785 + (124’)

From Fig. 20, the phase margin of the uncompensated system
is 26°, less than 30°. Besides, the low-frequency gain of the
system is low, indicating a relatively large steady-state error.
Hence, the system must be compensated. Considering the com-
munication delay, the sheared frequency should be quite low
to obtain sufficient phase margin. Three-pole and three-zero
(3P3Z) compensator is finally selected, and the gain function
of the compensated system is given by (45)

2
55 X (555 + 1) x (555 + 1) .

Gspaz (s) = 1 .
s % (g7rzgs +1) x (85><1037rs + 1)

(45)

The Bode diagram of the system after adding Gspsz(s) is also
plotted in Fig. 20. The amplitude-frequency curve crosses the
0dB line twice near 3508.7 rad/s, which could affect the stability
of the system. Hence, a band-stop filter is added at this angular
frequency. The transfer function of the band-stop filter is given
by (46)

52 + 3508.72
s2 + 3508.7s + 3508.72°

Gpsr (s) = (46)

According to the previous analysis, the compensator G(s)
consists of two parts—the 3P3Z compensator Gspsyz(s), and the
band-stop filter Gpgr(s). Hence,

Ge (s) = Gsp3sz (s) Gasr (s) . (47)

In order to conveniently see the changes of the Bode diagrams
with and without the band-stop filter, the Bode diagram of the
system after adding G.(s) is shown in Fig. 20 as well. The
phase margin is 54.4° and the sheared frequency is 68 rad/s.
The low-frequency gain of the system is significantly increased,
reducing the steady-state error. The amplitude-frequency curve
crosses the 0 dB line with a slope of —20 dB/dec. The stability
of the system is improved. In addition, it decreases at a slope
of —40 dB/dec in the high-frequency band. Hence, the high-
frequency ripple can be signicantly suppressed.

When the receiver deviates from the aligned position to the
maximum misaligned position (the coupling coefficient de-
creases from 0.112 to 0.081), the phase margin decreases from
54.4° to 40.5°, while the sheared frequency increases from 68
to 94.1 rad/s. The other characteristics of the system are similar
to those under the aligned case. Hence, the proposed system can
run stably in the whole operation area.

Based on (45) to (47), the differential algorithm of the digital
compensator can be obtained using the bilinear transformation
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TABLE III
KEY REQUIREMENTS OF THE PROTOTYPE

Parameter Symbol Value

DC input voltage Uin 100V

Output voltage Uo 100 V

Nominal output power Px 500 W
Power transfer distance Der 170 mm
Maximum X-direction misalignment AXinax 200 mm
Maximum Y-direction misalignment AY max 100 mm

Fig. 21.

Prototype for electric vehicle wireless charging.

method

uc (k) = 3.46uc (k — 1) — 4.23u. (k — 2) +1.94u. (k — 3)
—0.01ue (k —4) — 0.15u. (k — 5) 4+ 179.38¢ (k)
—888.73¢ (k — 1) + 1761.56¢ (k — 2)

—1746.07e (k — 3) + 865.48¢ (k — 4)
—171.62¢ (k — 5)

(48)
where u.(k) is the output voltage of the compensator at the
instant of kth sampling, and e(k) represents the error between
the sampling voltage and reference, also at the instant of the kth
sampling.

V. SYSTEM DESIGN AND EXPERIMENT VERIFICATION

A prototype was built to verify the correctness of the theoret-
ical analysis and the advantages of the proposed EVWCS. The
key requirements of the prototype are listed in Table III. The
numbers of turns of the transmitter and receiver are 40 and 20,
respectively, and the specification of the employed Litz wire is
@0.1 mm x 500.

Fig. 21 shows the prototype comprised of ten modules as
follows:

1) adc voltage source for the power circuit;

2) adc voltage source for the driver and controller;
3) a boost inverter;

4) a primary compensation capacitor;

5) a transmitter;

6) areceiver;

7) asecondary compensation capacitor;

8) a full-bridge rectifier and a sampling circuit;

9) aresistive load;
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TABLE IV
KEY PARAMETERS UTILIZED IN THE PROTOTYPE

Parameter Value/Type Parameter Value/Type
Jfo 85 kHz Lr 1090.4 uH
Cin 100 pF/450 V Ls 258.9 uH
01— 04 STW70N60DM2 G 3.22nF
L 404.4 uH G 13.5nF
L, 406.6 uH D1 -Ds MBR40200WT
kali 0.112 Cr 200 pF/450 vV
kax=200 0.090 R 20Q
kav=100 0.081 Bluetooth HC-05

\ L 4 I 4 i
! " L " " ™
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Uy (100V/div) Lis (10A/div)
<N \

4ps/div
(b)

Fig. 22.  Voltages and currents across each power stage of the prototype in
aligned case.

10) two bluetooth modules surrounded by yellow dashed

circles.

The key parameters utilized in the prototype are listed in
Table IV.

The voltages and currents across each power stage of the pro-
totype in aligned case are shown in Fig. 22. The output voltage
Uo is 100 V, exactly equal to the designed value. The input
and output power are 555 and 500 W, respectively, indicating
a power transfer efficiency (PTE) of 90.1%. From Fig. 22(b),
the dead time is 0.37 us. Hence, 04caq is 0.031467 and the duty
cycle is 0.5157. Ucjy, is boosted to 206 V.

The prototype was also tested when AX = 200 mm and AY
= 100 mm. The voltage and current waveforms in these two
cases are similar to those shown in Fig. 22. For the sake of
brevity, they are not shown here. The measured U are 99.8 and
100 V in these two cases, respectively, which are very close to or
exactly equal to the designed value, validating the effectiveness
of the closed-loop control. Owing to the drops of the coupling
coefficients, the PTEs in these two cases decrease to 86.2%
and 87.0%, respectively. This can be qualitatively explained as
follows. In terms of (5) and (12), Uap; should decrease to keep
Up constant when k is decreased. The decrease of Uap results
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Fig. 23.  Dynamic response of the prototype under aligned case.
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Fig.24.  Plots of the output voltages and PTEs versus (a) X- and (b) Y-direction
misalignment.

in a larger current flowing through C; and Lp and more loss.
The duty cycles in the aforementioned two cases are 0.4728 and
0.4715, and Uc;y, are boosted into 185 and 183 'V, respectively.

Fig. 23 shows the dynamic response of the prototype when
Uiy, increases from 90 to 120 V under aligned case. The setting
time is 62 ms. The dynamic performance of the prototype is
quite good because many inductors and capacitors exist in the
system. This experiment further verifies the effectiveness of the
closed-loop control.

Fig. 24 shows the plots of output voltages and PTEs versus
misalignments in both X and Y directions. In the whole operating
area, the output voltage is stable which only fluctuates by 0.2%.
The accuracy of the closed-loop control is demonstrated. PTE
decreases when X- and Y-direction misalignments are increased.
However, the minimum PTE is as high as 86.2% even if the
X-direction misalignment is 200 mm. More importantly, such
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Fig. 25.  Loss distribution of the prototype in aligned case. Agz = % DL_—21 0
cos2nD—1 0 D—-1
L 2L,w Lo 4
efficiency is achieved in the case that the employed ferrite is [ 52 —spinD cosgnD-ol)
reduced by 41% and the power transfer distance is as long as Az = *;iél_?: D 15_D 0
170 mm. c0527:b71 6n 1-D
The loss distribution of the prototype in aligned case is shown - 2CT Cin -
in Fig. 25. The transmitter loss is the highest among all losses. - 1-D sin2rD  1—cos2xD
This agrees well with the analysis in Section II-C and verifies the SinCQ‘;‘T I f‘jg Cinm
advantages of using a boost inverter in an EVWCS. The receiver As2 = | 6.7 Cin 0
loss ranks the second place among all losses because of relatively L % 0 1(;2 HD
large current and ESR. The diode loss accounts for 16.4% of the ~
total loss. Synchronous rectification will be employed to reduce 0 0 2sin2rD/(Cin)
the diode loss. The loss of L; and L, are quite small. Hence, the ~ Aszs= [0 0 0
introduction of these two inductors will not significantly reduce 100 0
system efficiency. [2(1 — cos2nD)/(Cin) 0 0
Ass = 0 00
VI. CONCLUSION 0 00
This article proposes an EVWCS using a Bl and an optimized M 0 00
FSC. The BI has three advantages than the conventional FBI. Ay = 0 0 0
First, it results in a higher dc bus voltage and lower transmitter Lysin2rD/(xA) 0 0
current. Hence, the power loss is reduced. Next, the interleaved -
structure of a BI effectively reduces the input current ripple. The 0 w 1/Cy
interference from the EVWCS to the power grid is diminished. Ap=| —w 0 0
Third, the BI has wider adjustment range than the FBI, which | Ls/A 0 0
means a larger parameter variation range is allowed. The system 0 00 0 0 0
using BI offers greater operating freedom. This article also A= |1/C1 0 0 A — 0 0 0
proposes a parameter design method for FSCs. Double-I-shaped 4 ! 0 0 » e M/A 0 2M/(xA)
core performs best providing that the removed ferrite is constant. L ¢ T
Separation of the windings can further increase the coupling [Ls(1 —cos2nD)/(rA) 0 0
coefficient. A 500-W prototype was built. The variation of the ~ Az3 = Msin2rD/(mA) 00
output voltage is no more than 0.2 V in the whole operating M(1—cos2nD)/(mA) 0 0
area. A highest PTE of 90.1% is achieved even if the ferrite is _
removed by 41% and the power transfer distance is 170 mm. 0 Li/A ~w
A54 = M / A 0 0
0 M/A 0
APPENDIX A
The coefficient matrix A is divided into 36 three-row—three- 0 M/ A 0
. . . A56 == LP/A 0 2Lp/(7TA)
column submatrices. The nonzero submatrices are given as 0 L,/A 0
follows, where A = M? — L, Ly: L P
[0 1/Cy 0
Ay Z3xz Az Zsxs Zszxz Zszxs Ags = |0 0 1/Cy
Zsx3 Az Ass Zsxsz Zsxs Zsxs 0 4/(xCp) 0
A | A A Az Az Ay Zs _
Zsxs Zsxs Asz Au Ass Age 0 w 0
Zsx3 Zsxs Asz Ass Ass  Ase Ags = | ~w 0 0
Zsyxs Zsxs Zsxs Zsxs Aes  Aee | 0 0 —1/(CrR)
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o s~ ot UET Xas — o8
Z2><1

2Lg cos2m D
2LA a 2w D X7 *
< SIn 27
A X7ss
2M cos2wD X7
SS

2M si% 2w D X
A 7,88
Z3x1

- 18x1

REFERENCES

Z. Zhang, H. Pang, A. Georgiadis, and C. Cecati, “Wireless power
transfer—An overview,” IEEE Trans. Ind. Electron., vol. 66, no. 2,
pp. 1044-1058, Feb. 2019.

F. Liu, Y. Yang, D. Jiang, X. Ruan, and X. Chen, “Modeling and opti-
mization of magnetically coupled resonant wireless power transfer system
with varying spatial scales,” IEEE Trans. Power Electron., vol. 32, no. 4,
pp. 32403250, Apr. 2017.

Z.Zhang, W. Ai, Z. Liang, and J. Wang, “Topology-reconfigurable capac-
itor matrix for encrypted dynamic wireless charging of electric vehicles,”
IEEE Trans. Veh. Technol., vol. 67, no. 10, pp. 9284-9293, Oct. 2018.

Z. Li, C. Zhu, J. Jiang, K. Song, and G. Wei, “A 3-kW wireless power
transfer system for sightseeing car supercapacitor charge,” IEEE Trans.
Power Electron., vol. 32, no. 5, pp. 3301-3316, May 2017.

T. Kan, R. Mai, P. P. Mercier, and C. C. Mi, “Design and analysis of a three-
phase wireless charging system for lightweight autonomous underwater
vehicles,” IEEE Trans. Power Electron., vol. 33, no. 8, pp. 6622—-6632,
Aug. 2018.

H. Liu, Q. Shao, and X. Fang, “Modeling and optimization of class-E
amplifier at subnominal condition in a wireless power transfer system for
biomedical implants,” IEEE Trans. Biomed. Circuits Syst., vol. 11, no. 1,
pp. 3543, Feb. 2017.

U. K. Madawala and D. J. Thrimawithana, “New technique for inductive
power transfer using a single controller,” IET Power Electron., vol. 5,no. 2,
pp. 248-256, Feb. 2012.

W. Jiang, J. Lai, and K. Hwu, “Digital compensator design for high-
frequency hybrid resonant buck converter,” in 7th Int. Symp. Next Gener.
Electron., 2018, pp. 1-4.

C. Zheng et al., “High-efficiency contactless power transfer system for
electric vehicle battery charging application,” IEEE J. Emerg. Sel. Topics
Power Electron., vol. 3, no. 1, pp. 6574, Mar. 2015.

H. Hao, G. A. Covic, and J. T. Boys, “An approximate dynamic model
of LCL-T-based inductive power transfer power supplies,” IEEE Trans.
Power Electron., vol. 29, no. 10, pp. 5554-5567, Oct. 2014.

Y. Yao, Y. Wang, X. Liu, Y. Pei, D. Xu, and X. Liu, “Particle swarm
optimization-based parameter design method for S/CLC-compensated IPT
systems featuring high tolerance to misalignment and load variation,” IEEE
Trans. Power Electron., vol. 34, no. 6, pp. 5268-5282, Jun. 2019.

Y. Wang, Y. Yao, X. Liu, D. Xu, and L. Cai, “An LC/S compensation
topology and coil design technique for wireless power transfer,” IEEE
Trans. Power Electron., vol. 33, no. 3, pp. 2007-2025, Mar. 2018.

H. Feng, T. Cai, S. Duan, J. Zhao, X. Zhang, and C. Chen, “An LCC-
compensated resonant converter optimized for robust reaction to large
coupling variation in dynamic wireless power transfer,” IEEE Trans. Ind.
Electron., vol. 63, no. 10, pp. 6591-6601, Oct. 2016.

DESIGN AND OPTIMIZATION OF AN ELECTRIC VEHICLE WIRELESS CHARGING SYSTEM 3907

[14] J. Hou, Q. Chen, X. Ren, X. Ruan, S. Wong, and C. K. Tse, “Precise
characteristics analysis of series/series-parallel compensated contactless
resonant converter,” IEEE J. Emerg. Sel. Topics Power Electron., vol. 3,
no. 1, pp. 101-110, Mar. 2015.

[15] Y. Yao, Y. Wang, X. Liu, F. Lin, and D. Xu, “A novel parameter tuning
method for a double-sided LCL compensated WPT system with bet-
ter comprehensive performance,” IEEE Trans. Power Electron., vol. 33,
no. 10, pp. 8525-8536, Oct. 2018.

[16] M. Chigira, Y. Nagatsuka, Y. Kaneko, S. Abe, T. Yasuda, and A. Suzuki,
“Small-size light-weight transformer with new core structure for contact-
less electric vehicle power transfer system,” IEEE Energy Convers. Congr.
Expo., 2011, pp. 260-266.

[17] H. Takanashi, Y. Sato, Y. Kaneko, S. Abe, and T. Yasuda, “A large air gap
3 kW wireless power transfer system for electric vehicles,” IEEE Energy
Convers. Congr. Expo., 2012, pp. 269-274.

[18] T.Fujita, T. Yasuda, and H. Akagi, “A wireless power transfer system with
a double-current rectifier for EVs,” in Proc. IEEE Energy Convers. Congr.
Expo., 2016, pp. 1-7.

[19] G. Yang, S. Dong, C. Zhu, R. Lu, G. Wei, and K. Song, “Design of a high
lateral misalignment tolerance magnetic coupler for wireless power trans-
fer systems,” in Proc. IEEE PELS Workshop Emerg. Technol.: Wireless
Power Transfer, 2017, pp. 34-39.

[20] Y. Tang, F. Zhu, Y. Wang, and H. Ma, “Design and optimizations of
solenoid magnetic structure for inductive power transfer in EV appli-
cations,” in Proc. 41st Annu. Conf. IEEE Ind. Electron. Soc., 2015,
pp. 001459-001464.

[21] Y. Nagatsuka, N. Ehara, Y. Kaneko, S. Abe, and T. Yasuda, “Compact
contactless power transfer system for electric vehicles,” in Proc. Int. Power
Electron. Conf., 2010, pp. 807-813.

[22] M. Budhia, G. Covic, and J. Boys, “A new IPT magnetic coupler for
electric vehicle charging systems,” in Proc. 36th Annu. Conf. IEEE Ind.
Electron. Soc., 2010, pp. 2487-2492.

[23] F. Zhao, G. Wei, C. Zhu, and K. Song, “Design and optimizations of
asymmetric solenoid type magnetic coupler in wireless charging system
for electric vehicles,” in Proc. IEEE PELS Workshop Emerg. Technol.:
Wireless Power Transfer, 2017, pp. 157-162.

[24] A. Tejeda, S. Kim, F. Y. Lin, G. A. Covic, and J. T. Boys, “A hybrid
solenoid coupler for wireless charging applications,” IEEE Trans. Power
Electron., vol. 34, no. 6, pp. 5632-5645, Jun. 2019.

Yousu Yao (Member, IEEE) was born in Jiangsu
Province, China, in 1991. He received the B.S. and
Ph.D. degrees in electrical engineering from the
Harbin Institute of Technology, Harbin, China, in
2014 and 2019, respectively.

He is currently an Associate Professor with the
School of Electrical Engineering and Automation,
Harbin Institute of Technology, Harbin, China. He
has authored/coauthored more than 40 journal and
conference papers and holds seven patents. His re-
search interests include wireless power transfer, dc—
dc converter, magnetic coupler design, and simultaneous wireless power and
data transfer.

Dr. Yao was the recipient of the First Prize Paper Award from the IEEE
TRANSACTIONS ON POWER ELECTRONICS, and the Best Paper Awards from
ICEMS 2019, SPEED 2019, and ITEC Asia-Pacific 2017.

Shenghan Gao was born in Suihua, Heilongjiang,
China, in 1998. He received the B.S. degree in elec-
trical engineering in 2019 from he Harbin Institute
of Technology, Harbin, China, where he is currently
working toward the M.S. degree in electrical engi-
neering.

His research interests include wireless power trans-
fer, magnetic coupling structure design, and digital
control of de—dc converters.



3908

Yijie Wang (Senior member, IEEE) was born in
Heilongjiang Province, China, in 1982. He received
the B.S., M.S., and PH.D. degrees in electrical en-
gineering from the Harbin Institute of Technology,
Harbin, China, in 2005, 2007, and 2012, respectively.
From 2012 to 2014, he was a Lecturer with the
Department of Electrical and Electronics Engineer-
ing, Harbin Institute of Technology. From 2014 to
2017, he was an Associate Professor with the De-
partment of Electrical and Electronics Engineering,
Harbin Institute of Technology. Since 2017, he has
been a Professor with the Department of Electrical and Electronics Engineering,
Harbin Institute of Technology. His research interests include dc—dc converters,
soft-switching power converters, power factor correction circuits, digital control
electronic ballasts, LED lighting systems.

Dr. Wang is an Associate Editor for the IEEE TRANSACTIONS ON INDUSTRIAL
ELECTRONICS, the IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN
POWER ELECTRONICS, the IEEE ACCESS, the IET Power Electronics, and the
Journal of Power Electronics.

Xiaosheng Liu (Member, IEEE) was born in Qigi-
har, Heilongjiang, China, in 1966. He received the
B.S. and M.S. degrees in electrical engineering, and
the Ph.D. degree in mechatronics engineering from
Harbin Institute of Technology, Harbin, China, in
1988, 1993, and 1999, respectively.

He has been a Professor with the Department of
Electrical Engineering, Harbin Institute of Technol-
ogy, since 2006. His research interests include power
line communication and its routing methods, com-
munication networks and control technology, and
information and communication of smart grids.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 4, APRIL 2021

Xiangjun Zhang was born in Shandong Province,
China, in 1971. He received the B.S. degree in weld-
ing from Xi’an Jiaotong University, Xi’an, China, in
1993, the M.S. degree in welding from Harbin Weld-
ing Institute, Harbin, China, in 1999, and the Ph.D.
degree in electrical engineering from the Harbin In-
stitute of Technology, Harbin, China, in 2006.

From 2006 to 2013, he was a Lecturer with the
Department of Electrical and Electronics Engineer-
ing, Harbin Institute of Technology, where he has
been an Associate Professor, since 2013. His research
interests include the areas of electronic ballast, power factor correction circuits,
high-power converters, and light emitting diode lighting systems.

Dianguo Xu (Fellow, IEEE) received the B.S. de-
gree in control engineering from Harbin Engineering
University, Harbin, China, in 1982, and the M.S.
and Ph.D. degrees in electrical engineering from the
Harbin Institute of Technology (HIT), Harbin, China,
in 1984 and 1989 respectively.

In 1984, he was with the Department of Electrical
Engineering, HIT, as an Assistant Professor. Since
1994, he has been a Professor with the Department of
Electrical Engineering, HIT. He was the Dean with
the School of Electrical Engineering and Automation,
HIT, from 2000 to 2010. He is currently a Vice President with HIT. He has
authored/coauthored more than 600 technical papers. His research interests
include renewable energy generation technology, power quality mitigation,
sensorless vector controlled motor drives, and high-performance PMSM servo
system.

Dr. Xu is an Associate Editor for the IEEE TRANSACTIONS ON INDUSTRIAL
ELECTRONICS, the IEEE TRANSACTIONS ON POWER ELECTRONICS, and the IEEE
JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS. He
serves as a Chairman of the IEEE Harbin Section. He was the recipient of the
2018 IEEE Industry Applications Society Outstanding Achievement Award.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


