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Interoperability and Misalignment Tolerance
of Electric Vehicle Wireless Charging System
Based on Multiple Self-Decoupled Transmitting
Coils and Vector Synthesis Strategy

Yiming Zhang
Ronghuan Xie

Abstract—In wireless power transfer (WPT) systems for electric
vehicles (EVs), interoperability and misalignment tolerance for dif-
ferent receiving charging terminals meet great demands. In this ar-
ticle, a hybrid topology with a vector synthesis strategy and highly
integrated magnetic couplers are proposed to achieve misalignment
tolerance and interoperability for unipolar (Q), bipolar (DD), and
quadrupolar (QUA) coils over the X and Y misalignments. By
adjusting the phase angles of the four half-bridge inverters un-
der different misalignments, the output voltage fluctuation can be
limited. The mathematical model of the proposed hybrid topology
is established and the vector synthesis strategy is introduced. The
magnetic couplers and the design principle are presented. A 2-kW
prototype is built to verify the proposed system. The experimen-
tal results demonstrate that the output voltage fluctuation under
misalignments is less than 3.1% for the Rx Q coil, 3.3% for the Rx
DD coil, and 4.3% for the Rx QUA coil, and the peak efficiency
is 89.3%.

Index Terms—Highly integrated magnetic couplers, hybrid
topology, interoperability, misalignment tolerance, vector synthesis
strategy, wireless power transfer (WPT).

I. INTRODUCTION

N order to adapt to the development of green concepts in the
I new era, the design research of electric vehicles (EVs) are
more in-depth, and the technological innovation and replace-
ment are getting faster and faster. The development of EVs has
also been accompanied by technological innovation [1], [2], [3].
The onboard charger [4], [5] has become increasingly mature
today, and its reliable construction and high-efficiency power
transmission make it occupy a large market of EV charging.
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Compared with conductive charging, wireless power transfer
(WPT) has the advantages of convenience and safety which
means the EVs can be charged once parked to the designated area
without touching the charging device. Therefore, the structures
and control mode of WPT have been continuously optimized in
recent years [6], [7] and it can be applied in portable consumer
electronics [8], autonomous underwater vehicle [9], industrial
robot [10], and so on.

As a method of WPT, inductive power transfer (IPT) based
on magnetic coupling has been widely used. An IPT system
[11] usually includes power converters, magnetic couplers, and
resonant networks. The magnetic couplers are made up of the
transmitting (7x) and receiving (Rx) coils. For static charging,
when the EV stops, the charging location of the EV is uniquely
determined. But the Rx usually does not align well with the
Tx. This will cause the output fluctuation and the decreased
efficiency. Therefore, misalignment tolerance is a critical prob-
lem for the WPT systems. Meanwhile, due to the fact that the
Tx and the Rx are separate, they can be fabricated by different
manufacturers. Thus, the Tx and the Rx can be different in terms
of coil type, compensation network, power level, etc. There exist
different Rx coil designs in existing standards such as J2954
from Society of Automotive Engineers. This can introduce the
problem of interoperability. The simultaneous implementation
of interoperability and misalignment tolerance requires the op-
timization of topology, coil structure, and appropriate strategies.
The schematic of the WPT system and the interoperability are
shown in Fig. 1.

In terms of misalignment, the door-door and front-rear mis-
alignments can frequently happen in an EV wireless charging
system. The tolerance for the door-door misalignment is more
critical since drivers can adjust the EV forward or backward
easily but it is not convenience for door-door adjustment. To
achieve misalignment tolerance on both directions, the topology,
magnetic couplers, and the control strategy should be specially
designed. There have been various articles on above three as-
pects.

The basic compensation networks include series (S), parallel
(P), inductor-capacitor-capacitor (LCC), and inductor-capacitor-
inductor (LCL). These above four networks can be combined
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Fig. 1. Schematic of the WPT system and the interoperability.

as a new compensation at the 7x or Rx sides. In [12], two
input-parallel-output-series S-S topologies and a variable in-
ductor were used to smooth the output with the output power
fluctuation. A dc-controlled variable inductor was adopted in
[13] to tolerate coupling coefficient change. A double-sided
CLLLC topology was adopted in [14] with the output fluc-
tuation within 5%. The capacitance tuning was employed for
both CC output and misalignment tolerance in [15]. Using the
reconfigurable and detuned topology can ensure 20% power
fluctuation in an ultra-wide coupling coefficient range (from
0.07 to 0.33) [16]. The magnetic coupler is another significant
part in the WPT system. Unipolar coils (Q), bipolar coils (DD),
and quadrupolar coils (QUA), solenoid coils are the four basic
types of the couplers. The series solenoid and DD pads was
proposed to improve the misalignment tolerance in [17]. Four
special L-shaped coils were connected in series as the Rx coil
in [18] to achieve a stable output under misalignment. A dual
coupled antiparallel coil was proposed in [19] for misalignment
tolerance. The phase shift control can be used as the control
strategy to achieve misalignment tolerance. In [20], the phase
shift was used to tolerate the load-independent output current.
By controlling the current phase shift of the Tx, a constant
output power under misalignment could be realized [21]. All
these studies only consider the misalignment tolerance for a
specific type of Rx. The design for misalignment tolerance and
interoperability should be investigated.

The evaluation of interoperability performance was studied in
[22]. The compatibility analysis of the quadruple coil structure
with the Q, the DD, and the DDQ structures were explored
[23]. In [24], the proposed asymmetrical quadrupolar coil could
be interoperable with conventional coils under misalignments.
But the fluctuations of the output were large. An interopera-
ble transmitter composed of two adjacent unipolar coils and a
three-switch dual-output inverter was proposed in [25]. How-
ever, only the issue of the interoperability between Q and DD
could be solved. The weak interoperability between rectangu-
lar coil and double-D pad could be improved through adjust-
ing the pad’s relative position [26]. The decoupled mutually
spliced double-D (DD) receiving coils which can achieve certain
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TABLE I
CROSS MUTUAL INDUCTANCES OF MAGNETIC COUPLERS

Parameter Symbol Value
Coupling coefficient of Tx: and Tx2 ki2 0.012
Coupling coefficient of Txi and Tx3 ki —0.012
Coupling coefficient of Txi and Tx4 ks 0.007
Coupling coefficient of Tx2 and Tx3 J[oX} 0.009
Coupling coefficient of Tx2 and Tx4 ko4 —0.005
Coupling coefficient of Tx3 and Tx4 k34 0.007

interoperability and misalignment tolerance is proposed in [27].
A new decoupling method and a quadrupole receiving coil
with series-connected diode rectifiers for interoperability was
proposed in [28].

Some recent studies have focused on both interoperability and
misalignment. But it is difficult to maintain high misalignment
tolerance while satisfying interoperability. This article proposes
a four-LCC-parallel topology, the highly integrated Tx coils,
and the vector synthesis strategy to achieve compatibility with
different Rx coils and a low output fluctuation [29].

The rest of this article is organized as follows. Section II
presents the mathematical model of the proposed topology and
the principle of the vector synthesis strategy. The design process
and the decoupling principle of the magnetic couplers are clari-
fied in Section III. The experimental results and the comparisons
with other studies are presented in Section IV. Finally, Section V
concludes this article.

II. PROPOSED MAGNETIC COUPLERS

The structures of magnetic couplers are presented in Fig. 2(a),
and the decomposition diagram of the transmitting coils is
depicted in Fig. 2(b). The transmitting distance is 75 mm. The
magnetic coupler consists of the 7x part and the Rx part. The
Tx part is three layers and it is made up of the transmitting
coils, ferrite and compensation inductances. The transmitting
coils are placed under the ferrite and the compensation in-
ductances are placed on the ferrite. The Rx can be Q, DD-X,
DD-Y (DD placed along X- or Y-axis) or QUA. Mutual de-
coupling between coils is vital to the performance of WPT.
In this article, four coils of the 7x are decoupled with each
other. Every Tx coil includes a main coil and another two
nested coils which are nested in the adjacent coils clockwise.
The coupling relationship between Tz, T'xo in Fig. 2(b) are
taken as an example to illustrate the method of decoupling.
Since the direction of the excitation current of each coil is
counterclockwise, the mutual inductance of the two coils nested
into each other is positive ([L a1, Ls2], [Lp1, Laz]), while that
of two adjacent coilsis negative ([Ls1, Lsa|, [Ls1, Laz], [Ls1,
LDQ}, [LAl; LAQ], [LAh LDQ}, [LDlv LDQ]). Sum of these
mutual inductances tend to be zero after size design. Above
analysis apply equally to any two other Tx coils. the decoupling
between the four nonoverlapping Q coils can be realized. The
cross-coupling coefficients of the Tx coils which given in Table I
are so low that they can decouple with each other.

To reduce the volume of the system, the compensation induc-
tors are integrated into the Tx side. The two adjacent DD which
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Fig. 2. (a) Structure of the magnetic couplers. (b) Decomposition diagram of
the transmitting coils.

are placed orthogonal to each other are decoupled from each
other. In the meantime, due to the magnetic shielding effect of
ferrite, the compensation inductors are decoupled from the 7x
coils and the Rx coils.

III. PROPOSED TOPOLOGY AND MATHEMATICAL MODEL

A. Proposed Topology

The LCC-S topology is selected to tolerate weak couplings,
as shown in Fig. 3(a). The corresponding magnetic couplers are

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 5, MAY 2025

shown in Fig. 3(b). In Fig. 3(b), Tx is the transmitting side on
the ground, which consists of compensation inductors, ferrite
and transmitting coils. Rx is the receiving side, which consists
of the receiving coils and ferrite. The receiving coil can be a
Q coil, a DD coil placed along the X- or Y-directions (DD-X
or DD-Y coils hereinafter), or a QUA coil. S;-Sg are eight
power MOSFETS of the inverter. The inputs of the four half-bridge
inverters are connected in parallel. Di-D, are the rectifier
diodes. Four LCC compensation networks are connected with
four parallel half-bridge inverters. Lp; ~ Lpy4 are the com-
pensation inductances, placed underneath the ferrite plate. They
are four DD coils and perpendicularly arranged so that they are
decoupled from each other. The mutual inductances between
compensation inductances and between the compensation in-
ductances and Rx are not considered. Because the mathematical
model is complex with much types of cross coupling, and each
branch cannot be controlled independently. L; ~ L, are the
Tx coils, placed above the ferrite plate. They are four unipolar
coils and adjacently placed on the same plane. A nested coil
technique is employed to achieve decoupling of the four 7x
coils, which will be explained in Section III. Ly, is the Rx coil.
C1 ~ Cy, Cpy ~ Cpy, and Cg are the compensating capaci-
tances. Ry, is the load resistance. Viny and Vrgc represent the dc
voltages of the inverter and rectifier, respectively. Uy, ~ Uy
denote the ac input voltage. U gyt denotes the ac output voltage.
Ipy ~ Ipy, Iy ~ 14, and I denote the rms values of the
corresponding currents. My ~ M, are the mutual inductances
and they are scalar quantity. Mutual inductance is positive or
negative which is relative to the direction of magnetic field

M,, = knMe,, (m=1,2,3o0r4, k,, =+1lor —1) (1)

where Me is modulus. When k = +1, it means that the direction
of the magnetic field is the same as that of the reference branch,
and vice versa.

Assume the four 7Tx branches are identical, namely

Lpm =Lp, Ly, =Ly, Cpp, =Cp,Cp, =Cp. (2)

B. Mathematical Modeling

The angular frequency of the system is w. The resonant
conditions of the WPT system can be expressed as
1 1 1
Lp———=wlp———=wlpy ——————=0
wip pr Wi wCR whT wCT UJCP 3
3)
Using fundamental harmonic approximation, the relationship
between the ac and dc quantities can be deduced as

V2 2v/2

U = —Vinv,  Uour = — Vrec- 4)
v T

By phase shift of the four half-bridge inverters, the four ac
input voltage vectors can be expressed as

U = Ulmlem (5)

where 6, is the phase of the ac input voltage. The vectors are
in bold in this article.
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Fig. 3. Proposed interoperable and misalignment tolerant WPT system. (a) Topology and the equivalent Rx circuit. (b) Magnetic couplers.
By analyzing the circuit of Fig. 3(a), the Kirchhoff’s law of 4
. 2 2
voltage (KVL) equations can be expressed as = Z I, R, PLoss-Lr = IR RR. (12)
Jj=1
- 1
UImZJWLPmIPm+m(IPm_Im) .. ,
) The volatility ¢ the output voltage is defined as follows:
(J(,«)L + JwC ) I + jwCpm (Im - IPm) ©) Ust - max — Usut - min
. ut - X ut -
—jwM,, Ir =0 0= x 100% (13)

Yot @M T = (jWLm + W;CR) Ir +Uour

By solving (6), the compensating inductance currents and the
Tx coil currents can be deduced as

Ipm = o~)26'P7n]\4mIR (7
V2
I’m = ?WCPm‘/INV- (8)

It can be seen that Ip,, is determined by M,,, and Iy, while
I, is solely determined by Viny.

The ac and dc output voltage, the output power and the
efficiency can be obtained as

WP CpViny [t ML

T
Vipe = ——U, = 9
REC NG oUT 5 )
2
W4C}29V12Nv an:l Mmlem‘
Pour = 1R, (10)
_ Pour
Pour + Pross—rp + Pross-1 + PLoss-Lr
_ Pour
Pour + Y j—y I3;Rpj + 35—y I?R; + I3 R
(11)

where Rp,,, R, and Ry are the parasitic resistances of the
compensation inductances Lp,,, the Tx coil L,,, and the Rx
coil LR, respectively. PLOSS-LP, PLOSS—L7 and PLOSS-LR are the
losses of the compensating inductances, the Tx coils, and the Rx
coil, respectively. They are defined as

4
2
Pross—rp = Z Ip,, Rpm, PLoss—rL
j=1

Uout ~max T Uout - min

where Ugyimax and Ugyemin are the maximum and minimum
values of U, respectively.

The mathematical model is built on the basis of ignoring
cross coupling. In order for each branch to work independently,
the Tx coils need to decouple each other. In the meanwhile,
the compensation inductors need to decouple each other, and
decouple with 7x and Rx. The magnetic coupler design for above
purposes.

C. Topology When Coupling Exists Between L p; and Between
Lp; and Rx

Coupling only exists between L; and Rx in the proposed
topology in Fig. 3(a). The reasons for choosing this topology
are explained in this part. The topology of wireless charging
systemis generally designed to have aload-independent constant
voltage (CV) or aload-independent constant current (CC) output
characteristic. The two-channel topology when coupling exists
between L p; and between L p; and Rx are depicted in Fig. 4(a)
and (b), respectively. By writing KVL equations for the two
topologies in Fig. 4, the output current can be deduced as

W?Cp1 M U 11 + w?CpaMaU 1o

Req + 2jw5Cp1CpaMp1a M Mo
w?Cp1 M U 11 + w?CpaMoU 1o

Req — 2jw3Cp1 Mp1 My — 2jw3CpaMpo My

Ip=

(14)

Ip=

15)

where (14) and (15) are the output ac current of Fig. 4(a) and
(b), respectively.

The Ry exists in (14) and (15), which means the output
characteristic are complex and they are neither CC nor CV. The
introduction of multiple variables will cause the complexity of
the system, making it difficult to control the system to achieve
the desired output characteristic. And the efficiency also may be
decreased.
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D. Loop Current Analysis When Coupling Exists Between L;

To analyze the loop current of the system, a two-channel
topology with coupling exists between L; are depicted in Fig. 5.
M5 is the cross mutual inductance. The first energy channel
applies an induced voltage to the second energy channel through
M5, and the second energy channel does the same. The induced
voltage can be express as

Uiz = jwMiaI4
Usi = jwMiaIs

(16)
a7

where U2 is the induced voltage of the first channel on the
second channel, and U+, is the opposite. These two voltages
will create the loop current in the corresponding loop. The loop
current will affect I p; and I p,, and they can be expressed by
(18) and (19) shown at the bottom of this page. It can be found
that the loop current will increase the reactive power, and some
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energy transmission may even be offset compared with (7) and
(8). Due to the above reasons, the output current state of each
inverter will be affected and the efficiency of the system may be
reduced. Therefore, the content of Section II is important, and
the design of magnetic coupler can minimize the influence of
mutual inductance under the condition of allowing appropriate
cross mutual inductance

IV. VECTOR SYNTHESIS STRATEGY

It can be seen that the output characteristic of this system is
load-independent constant voltage from (9). From Fig. 3(a), the
regulation of the output voltage is related to the superposition of
the induced voltage of the four branches on the receiving coil.
In (9), only > M, /0, is a variable. So here > M, Z0,, is
defined as the equivalent transmitting mutual inductance as the
research object, while the sum of induced voltages is not used
as the analysis object.

This part introduces the fundamental principle of vector syn-
thesis in detail. The sum of each absolute value and the maximum

wiC?, M? w*C'p1Cpoy My M.
Ip = %IUH + (jw30P10P2M12 + = sz - 2) U (18)
eq €q
.3 OJ4CP1CPQM1M2 OJ401232M22
Ipy = | jw’Cp1CpaMys + R U11+R7U12- (19)
eq €q
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value of the four mutual inductances are defined, respectively, as

4
Mepsun = ) Men, (20)
m=1
MeMAX = Inax {Mel, Meg, ]\4637 M€4} (21)
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where M. is the absolute value of M,,, without phase.

A. Vector Synthesis Strategy for One Misalignment Position

The first step of vector synthesis is to solve the optimal
phase combination of the three receiving coils at each offset
position. The Q coil is utilized as the example when X mis-
alignment is 120 mm in Section IV-A. M;-M, and sum of
absolute values |M.|suym of M;-My under X misalignment for
the Rx Q (|M.|sum = > M,;) are depicted in Fig. 6. When X
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TABLE II

PHASE ANGLES COMBINATION OF THE RX Q UNDER X MISALIGNMENTS

X misalignments (mm) 6, 6, 1% 64
-150 180° 180° 0° 0°
-120 —-160° —110° 0° 0°
=90 —-160° —-110° 0° 0°
-60 —-170° -160° 0° 0°
=30 —40° 30° 0° 10°

0 0° —80° 40° 0°
30 0° -50° 90° 20°
60 0° 20° 10° 10°
90 0° =50° —80° -90°
120 0° —=70° —-150° —100°

TABLE III
PARAMETERS OF EXPERIMENTAL PROTOTYPE

Viny 200 V f 85 kHz R 15Q
Ly 11.02 uH L 41.40 yH Lreq 194.4 uH
L, 11.68pH | L, 41.63 yH Lisop 115.7 yH
Ly 1070pH | Ly 4226 uH Lisquu 110.3 uH
Lps 1124pH | L 43.73 uH Crac 18 nF
Cri 311.9 nF G 115 0F Creop 30.3 nF
Cry 2963 nF G 117.9 nF Crs-quad 31.77 nF

TABLE IV

COMPARISON BETWEEN OPTIMAL AND WORSE PHASE COMBINATION WHEN

THE RX ALIGNS WELL WITH THE TXx

misalignment is —150 mm, the | M |sym is minimum, and it is
selected as the base point. When X misalignmentis 120 mm, M7,
My > 0, M3, My < 0, and |M1| > |M2| > |M3| > |M4‘
M;-M, are assigned to M,,1-M,,4 in descending order. M,
is selected as the reference vector, and its phase is set as 0°.
The voltage excitation phase of the switches of the branches
with the opposite coupling relationship to M,,,; needed to be
flipped like Fig. 7(a). After preprocess, the four output of the
four transmitting branches are superimposed forward.

In order to obtain the phase angles of M,,2-M,,4 and syn-
thesize the desired vector (value of the base point) within a
certain error, the phases of the M,,2-M,,4 are traversed from
0 to 180° at the intervals of 10° like Fig. 7(b). In this case, 5% is
selected as the tolerant error and it can be other values according
to the requirements. The synthesized vector which is indicated
by a red line for each misalignment position must fall within
the pink region. For the offset position as the base point, only
the preprocess is needed. For the other position, there are many
phase combinations that can satisfy the above condition, but only
one optimal phase combination is selected. The principles for
selecting the optimal combination of phase angles are described
in the next part.

Q [01, 02, 03, 04] > Iow Uour Efficiency
Optimal | __[0°,-80°,40°,0°] | 329 | 1592V | 86.3%
Worse [0°, —80°, 30°, —60°] 351 1543V 84.2%

DD-Y [(9], (92, 03, (94] lemz UOUT Efﬁciency
Optimal [150°, 20°, 0°, 50°] 228 1444V 84.77%
Worse [150°, 20°, 0°, —130°] 273 136.8 V 82.56%

QUA [01, 0>, 03, 04] Yk’ | Uour | Efficiency
Optimal | [-20°, =30°, —120°, 0°] 62 935V 76.0%
Worse [—20°, =70°, 180°, 0°] 67 97.8 V 73.5%

B. Principle of Vector Synthesis Strategy

Obtaining the optimal combination of phase angles at each
offset distance is the focus of this strategy. By restricting the
synthesized vector within the pink ring, a variety of phase angle
combinations can be obtained. But only one combination is
needed. The principle of minimum loss is utilized as the criterion
for determining the optimal phase angle combination.

From (7) and (8), it can be concluded that Ip,, depends
on M,,, indicating that Ip,, changes with positions. Thus,
Poss.1p varies with positions. [, is independent of M,,,, indi-
cating that /,,, remains constant at any positions. Thus, P oss.1,
is constant. To maintain a stable output, /i should be constant.
Thus, P oss.zr is constant. In the efficiency expression, only
Poss-1 p changes with positions. When P oss.7, p is minimized,
the efficiency would be the highest. Therefore, the criterion for
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Sy, 10 V/div

est 10 V/div

(a)

S3-vgst 10 V/div

—_—

: 10 V/div

Sg-vgs: 10 V/div

Fig. 13.
DD-X. (e) and (f) Rx QUA.

selecting the phase shift angles is to minimize P oss.z,p. Thus,
the objective function can be expressed as

min

1 m Qmﬂfm -
JUpm (Om, ) (MisX,MisY')

4
E 2
IPmRPm
=1

—170° < 0,, <180° m =1, 2, 3or4

4 , , (22)
Zm:l |A[’m‘ Aem § (1 =+ 5%) ]\J\SUM\*MIN
Through the aforementioned introduction, the vector synthe-
sis flow chart as shown in Fig. 8 can be obtained. The optimal
phase angle combinations for each offset position of the three
Rx coils will be calculated by the flow chart.

Ipy: 10 A/div
Up: 100 V/div

Ipy: 10 A/div

Up: 100 V/div

| = —' %%_/i

5 pS/div

5 pS/div

(P CU—|

5 pS/div

(d)

Sus/div:
12.5MPts

Iy: 10 A/div

Up: 100 V/div
e

5 pS/div

Ipy: 10 / 5 pS/div

Uys: 100 V/div

5 pS/div
Up: 100 Vidiv

N - g~ —
P P —

e
Ip3: 10 A/div S pS/div

®

Driving waveforms vy of S1-Sg and experimental waveforms of Ur1-Ur4 and Ip1-Ip4 when Tx well align with Rx. (a) and (b) Rx Q. (c) and (d) Rx

C. Synthesized Mutual Inductances of Three Types of Coils

The | Y M,,| under misalignments of three types of the Rx
coils are depicted in Fig. 9. The measured values mean the
sum of absolute values of mutual inductance of four branches
actually measured without phase shift processing. The calcu-
lated values mean the modulus of the equivalent transmitting
mutual inductances. It can be seen that the curve of equivalent
transmitting mutual inductance becomes smooth after vector
synthesis calculation. In Fig. 9, the misalignments range is
—60 ~ 60 mm for QUA, DD-X: Y misalignment and DD-Y:
X misalignment, while others are all —150 mm-150 mm. Based
on the strategy in Section I, the M e|gyn—min Which can also
be called as the base point are circled in a blue box in Fig. 9. It
should be noted that one type of coil has only one base point. The
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TABLE V
COMPARISON WITH OTHER METHODS

. . Misalignment Range (mm) Interoperable Output
Comparison Tx Coil (Misalignment Percentage) types Fluctuation
. Q: X- and Y- misalignment: —150 — 150 mm (50%) Q: 15.7%
Xie et al. [25] DD-X: Y- misalignment: —90 — 90 mm (30%) 2 DD-X: 12.7%
Q: X- and Y- misalignment: =150 — 150 mm (50%) Q:6.1%
Zhang et al. [28] DD-X: X- and Y- misalignment: —150 — 150 mm (50%) 2 DD-X: 42.5%
Q: X- and Y- misalignment: =30 — 210 mm
DD: X- misalignment: =210 — 60 mm
Zhang et al. [24] Same to [28] Y- misalignment: ~60 — 210 mm 3 Large
QUA: X- and Y- misalignment: —210 — 60 mm
Q: X- and Y- misalignment: £150 mm (50%) Q: 3.1%
_Y- "~ . . . 0, . . (]
This article DD-X: X n?lsallgnment. +60 mm (20%) 3 DD-X: 3.3%
Y- misalignment: £150 mm (50%) QUA: 4.3%
QUA: X- and Y- misalignment: +60 mm (20%) P

DD-X and DD-Y have a common base point. For the Rx Q coil,
the base point is when the X misalignment is — 150 mm. For the
Rx DD-X and DD-Y, the base point is when the ¥ misalignment
of DD-X is —60 mm. Based on the vector synthesis strategy, the
resultant equivalent mutual inductance curve will be one with a
limited range of volatility as the blue line and square symbols
in Fig. 9. The line will close to a straight line. According to
the base point and the measured mutual inductances, the phase
angles f; ~ 6,4 canbe traversed by the vector synthesis strategy.
Due to the length of the paper, only the phase angles of the Rx
Q under X misalignments are displayed in Table II.

D Hardware Implementation of Vector Synthesis Strategy

The control diagram of the proposed WPT system has been
depicted in Fig. 10. The control of this article is divided into
two parts, including the offline part of the design stage and the
online control part. In the off-line part, the parameters of the three
types of receiving coils are measured under misalignment at first,
and then the optimal phase combinations calculated by vector
synthesis strategy are introduced to digital signal processor
(DSP). In the online part, the After the position detection, the
DSP will output the corresponding signal to the driver to control
the opening and closing of the switches of the inverters.

V. EXPERIMENTAL VALIDATION

To verify the availability of the proposed system, a 2-kW
prototype is built. The experimental prototype is shown in
Fig. 11. The parameters of the experimental prototype are given
in Table III. In Table III, N7..1.s, N7w-1,4, and N1 p are the
turns of the Tx coils and their nested coils which are shown in

Fig. 2(b). Nrs-@, Nrz-pp> and Npg,_qua are the turns of the
corresponding Rx coils.

A. Output Characteristic

The calculated and experimental output voltage of the Rx
Q, DD-X, and QUA under X or Y misalignments are depicted
in Fig. 12. The experiments were all done with both X and Y
misalignments for all types of the Rx coils. But due to the near
consistency of the output of the same Rx in the process of X
and Y misalignment, this article only shows the calculated and
experimental output voltage, output power and dc—dc efficiency
of the Rx Q under X misalignments, the Rx DD-X under X
and Y misalignments and the Rx QUA under Y misalignments,
respectively.

It can be concluded from Fig. 12 that the experimental results
are slightly less than the calculated results and generally agree
well with the calculated results. The output voltage curves are
smoother after vector synthesis as the | > M,,| in Fig. 9. The
0 of output voltage is 3.1% for the Rx Q, 3.3% for the Rx DD
and 4.3% for the Rx QUA. The results of the § of output voltage
are all within the default range 5%. The peak output power is
1917 W for the Rx Q, 1506 W for the Rx DD and 582 W for
the Rx QUA. The average dc—dc efficiency is 87.5% the Rx
Q, 85.6% for the Rx DD and 75.76% for the Rx QUA. When
the Rx is a QUA, the overall output power and the average
efficiency are low. Because the structure of QUA will result in
the low mutual inductances, and the energy transmission will be
inadequate. There exist some discrepancies between calculated
and experimental results like the asymmetry of the figure. The
asymmetry of the figures can be caused by the asymmetry of the
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hand-wound Tx coils and the actual experimental model has a
slight error with the mathematical model.

B. Verification of the Optimal Combination

In order to verify whether the combinations of the phase
angles obtained meets the principle of minimum F pgs.z, p when
the Rx is under misalignments, another phase angles combina-
tion that meet the restriction conditions are compared with the
optimal phase angel combination when the Rx aligns well with
the Tx which is shown as Table IV. It can be concluded that the
optimal combinations calculated by the vector synthesis strategy
have a lower > I3, = and a higher efficiency. The accuracy of
the strategy can be verified.

The driving waveforms vy, of S1-S8 and the experimental
waveforms of Ur1-Uyy and Ipq-1p4 when the Tx well align with
the Rx for the three types of the Rx coils are depicted in Fig. 13.
Fig. 13 shows the actual operation of the phase synthesis strategy.
The phase of voltage is slightly ahead of the phase of current
in these two randomly selected misalignment positions, which
proves that the transmit-side impedance shows weak inductance.
Zero voltage switching has been realized for the three types of Rx
coils under different misalignments, which can actually decrease
the loss of switches and stable output.

C. Comparison

In order to show the superiority of the proposed system, the
performance of the proposed method has been compared with the
other methods in Table V. For magnetic couplers structure, com-
pared to [28], the transmitting coils can be integrated with the
compensation inductors, reducing the system size. Compared to
[25], there are more interoperable coil types. Compared to [24],
the output fluctuation is smaller and misalignment tolerance is
better with the same compatible coil type.

VI. CONCLUSION

This article has proposed a WPT system based on the topol-
ogy combined four transmitting coils and a receiving coil. The
transmitting side consisted of four parallel LCC compensation
networks, and four Tx coils were decoupled with each other.
The compensation inductances were also integrated into the
Tx side to reduce system volume. A vector synthesis strategy
was proposed to improve misalignment tolerance. By adjusting
the phase angles of the four half-bridge inverters, the load-
independent output voltage can be reduced to the voltage of
the base point. The mathematical model of the topology was
established and analyzed. The vector synthesis strategy was
introduced by a schema and a flow chart in detail. Parame-
ters of magnetic couplers were displayed and the phase angles
combinations were calculated to achieve a better misalignment
performance of the proposed system. A 2-kW experimental
prototype was implemented to verify the effectiveness of the
vector synthesis strategy and the IPT system.
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