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Design of a High Misalignment Tolerance and CV
Output WPT System Using a Secondary Repeater

Yingjie Li"¥, Zhiping Zuo ", Fengwei Chen

Abstract—This article is dedicated to improving the misalign-
ment tolerance of a wireless power transfer (WPT) system using
a secondary repeater. To mitigate the drop of mutual inductance
when misalignment occurs, the receiver with a co-axial intermedi-
ate coil is deployed. As such, the proposed system contains three
tuning ratios which correspond to the transmitting, intermediate,
and receiving coils. To facilitate the choice of these parameters, an
efficient tuning technique is proposed. With the proposed tuning
technique, one can conveniently achieve zero voltage switching,
constant voltage output, load power regulation, and suppression of
load voltage fluctuation under coil misalignment. A 500-W experi-
mental prototype is built to verify the effectiveness and superiority
of the secondary intermediate aided (SIA) system. The experimen-
tal results show that within a 80-mm planar misalignment range
(53.3% of the primary coil diameter), the output voltage fluctuation
of the SIA WPT system is within 3%, and the peak dc—dc efficiency
is 86.87 %. In the vertical transfer distance range of 30—65 mm (70 %
of the standard transfer distance), the output voltage fluctuation is
within 5%, with a peak dc—dc efficiency of 88.27%.

Index Terms—Constant voltage output, intermediate aided coil,
misalignment tolerance, tuning method, wireless power transfer
(WPT).

I. INTRODUCTION

IRELESS power transfer (WPT) has been gaining popu-
W larity due to its advantages of high security, high reliabil-
ity, and high flexibility [1], [2], [3], [4]. As a new power transfer
technology, it has been widely applied in robotics, biomedical
implantation, consumer electronics, household appliances, elec-
tric vehicles, and underwater equipment [5], [6], [7], [8], [9],
[10], [11], [12]. In practical applications, the receiver is often lo-
cated on movable electrical devices, making it difficult to achieve
precise alignment between the transmitter and receiver during
the charging process. This misalignment can cause changes
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in their mutual inductance, leading to instability in transfer
power, efficiency, output voltage and current, etc. Therefore,
misalignment tolerance is a crucial indicator for evaluating the
performance of WPT systems.

Numerous methods have been proposed to improve the mis-
alignment tolerance of WPT systems. Several pads, such as
Double-D [13], double-D quadrature pad [14], bipolar pad [15],
and flat solenoid pad [16], have been designed to improve
misalignment tolerance in one direction by creating a uniform
magnetic field. However, these approaches only improve the
misalignment tolerance of the system in one direction, while the
misalignment tolerance in other directions remains unchanged.
To overcome this problem, other pads, such as H-shaped cou-
pler [17], third-coil [18], solenoid and double-D pad [19], and
split flat solenoid coupler [20] have been designed to improve
the misalignment tolerance along the x and y directions by using
multiple coils to compensate for the magnetic field.

To further improve misalignment tolerance, some
compensation topologies, such as a dual-coupled double LCC
compensation, X-type compensation, and PS/S compensation
have been investigated in [21], [22], and [23]. Furthermore, LCL
and CL are connected in parallel on the primary and secondary
sides, and the series inductors of the primary and pick-up LCL
networks, while LCC-S and S-LCC based hybrid IPT topology
using the ISOP structure, have been adopted in [24], [25], and
[26]. Although these topologies improve misalignment tolerance
in multiple directions, they introduce greater complexity into
the system. Meanwhile, the misalignment tolerance can also
be improved by control algorithms. For example, in [27] and
[28], a multivariable control strategy and a variable frequency
controller are presented to improve misalignment tolerance. It
should be noted that, although these control methods are able to
stabilize the system output and improve misalignment tolerance,
they inevitably introduce higher computational burden, and so
are not suitable for implementation on cost-sensitive processors.

Intermediate coils are another way to improve the misalign-
ment tolerance for WPT systems. In [29], two intermediate coils
are placed outside the transmitter and receiver to the coupling
area in x and y directions, but this approach greatly increases
the size of the coupler. In [30], an intermediate coil located
at the transmitter operates in both repeater-aided mode and
power-interactive mode, thereby improving planar misalign-
ment tolerance. However, the additional inverters introduced in
power-interactive mode still significantly increase the overall
size of the system, and the switching between the two modes
makes the control more complicated.
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Fig. 1.  Structure of the proposed intermediate aided WPT system.
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Fig. 2. Structure of the proposed intermediate aided WPT system.

Considering the challenges of previous technologies, this ar-
ticle considers using a secondary passive co-axial intermediate-
aided coil to improve the misalignment tolerance for a wireless
power transfer system, and a tuning method is proposed to
design an LCC-S-S compensation WPT system. In this system,
the output is influenced by transmitter coil tuning ratio [3,
intermediate-aided coil tuning ratio v, and receiver coil tuning
ratio 0. Specifically, the stability and amplitude of the system
output are influenced by the intermediate-aided coil tuning ratio
~ and the receiver coil tuning ratio §, while the zero voltage
switching (ZVS) of the inverter is predominantly influenced by
the transmitter coil tuning ratio 3. By appropriately designing
the coupler and tuning ratios 3, 7y, and J, the system output can
be maximized and remains constant in a large misalignment
range, and ZVS is guaranteed. Compared with the existing
approaches, the proposed approach neither introduces complex
control algorithms and system structures, nor increases the size
of the coupler.

The rest of this article is organized as follows. Section II
introduces the structure of the STA WPT system and establishes
its model. In Section III, the tuning method using a secondary
intermediate-aided coil is proposed to improve misalignment
tolerance. In Section IV, a 500 W prototype is constructed to
verify the theoretical analysis. Finally, Section V concludes this
article.

II. SYSTEM MODELING AND INTERMEDIATE AIDED COIL
POSITION ANALYZING

A. System Modeling With Intermediate Aided Coil

The WPT system considered in this article is sketched in
Fig. 1, and its equivalent circuit is shown in Fig. 2, with the
parameters in Fig. 2 listed in Table I. The dc power is converted
to high frequency ac power via an inverter composed of (Q1—Q .
Then, this ac power is fed to a parallel resonator composed of Ly
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TABLE I
SPECIFICATION OF THE PROPOSED SYSTEM

Specification Symbol

DC input voltage, current Udc, Lac
Converter output voltage,current Use, It
Current in coils Tx, Ix, Rx Ip, I, I
Rectifier input voltage Us

DC output voltage, current U,, 1,

DC output filtering capacitor Ch
Inductance of Tx, Ix, Rx Ly, Ly, L
Mutual inductance between Tx, Ix, Rx My, Myr, M
Compensation capacitance of Tx, Ix, Rx Cy, Ct, Cs

Filter inductance and capacitance of LCC Ly, Cf
Output equivalent load and dc load Req, R,

Fig. 3. Simplified circuit model of the intermediate aided system.

and C¥. Subsequently, the voltage on C is used to transfer power,
which generates ac magnetic field through the transmitting coil
(Tx). This forms the so-called LCC compensation network, in
which Cf is used to match the impedance. Next, the induced
voltage excited by a triple coupling formed between the Tx, the
receiving coil (Rx), and the intermediate aided coil (Ix) located at
the receiver for power transfer. After that, the high frequency ac
induced voltage in the secondary coil is converted to dc voltage
via a rectifier consisting of D1—D, and supplied to the load. In
this article, misalignment is defined as the positional deviation
between the center of receiver and the center of transmitter as
described in Fig. 1. To reduce reactive power loss and improve
transfer efficiency, compensation capacitors C; and Cs are con-
nected in series with the Ix and Rx.

To analyze the principle of the STA WPT system proposed in
this article, the equivalent circuit shown in Fig. 2 is simplified
as Fig. 3. For ease of analysis, the equivalent series resistances
of the coils will be ignored in the rest of the article.

To analyze the impact of each circuit component in the circuit
on the system performance, let us define the following notations:

Z1 = ijf, Zg

ij 7Z3 - JWLIN Zy = ch ’ (1)
Zy = jwlL, +

ijT» 5 Z = J(A)Lé + m + Req.
According to Kirchhoff’s law, the system can be described by
the following equations:

Zy+ Zs — 7y 0 0 I Use
— 7y Zy+ Zy+ Zo jwMy jwMy| [L,| | O
0 Jw My Ze  jwMg| |L] |0
0 JwMps JwM, Ly I 0

2
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where w is the angular operating frequency. Substituting (1) into
(2), we can obtain

Iy =U.B/A

Iy = UseZo(w* M + Z:2,) /A 3
I = —UpejwZo(My Zs — jwMys M) /A

Iy = ~UpejwZa(jwMy My — My Z;) /A

where
A = (WM Z + WM Zg — 2jw® My My M) (Z1 + Z2)
+ (WEMZ2+ Z,Z)(Z1 Zy+ 21 Z3+ 21 g+ Zy Za+ Za Zy)
B =w?(M}Z: + M2 Z) + (WM + Z:Z)(Z2 + Zs + Za)
— 25w Miys Mp: M.

Subsequently, let us define the tuning ratios of the filter
inductance L¢, Tx, Ix, and Rx, as «, (3, 7, and 6, respectively.
They satisfy the following relations:

{Z1 + 2y =y, Zy+ L3+ Zy = B3,

Zy = VJWLM Zs = 6jWLs + Req @)

Normally, L¢ and C; are operated at the resonant state, indi-
cating that o = 0. Substituting (4) into (3) leads to

ro_ U, B

I.f - _.ijsz

I, = Uac/(jwLs) (5)
j—_ Use[w (8 Ly My — Mips Mis) —j Req M)

L=

K . ijfA
I, = Uac(MrsMpr - fYLrMpS)/(LfA>

where
A = YReqLs + jw(ydL,Ls — M?2)
B = (wyBSLyLiLs — jByLyLiReq — wBL, M2
— WYL M, — W LMy + jMy Req + 2w Mps My My ).
The output voltage on the ac side can be expressed as

Usc (Mpers - 'YLrMps)Req

.s - j% eq — 6
Us = IiReq LA (6)
while the output power is expressed as
o U2 (M Mg — ~yLe Myg)® R
Pou = |Us| 5| cos(8) = P > 1

[7A2

B. Influence of Intermediate Aided Coil Position

In this article, the topology of the system takes the transmitter—
receiver mode, which means that the Ix can be placed either at the
transmitter or the receiver. It should be noted that the placement
of the Ix could greatly affect the performance of the system. In
the following, the output characteristics of the system in the two
configurations will be analyzed.

1) Intermediate Aided Coil Located At Transmitter: When
the Ix is located at the transmitter, the relative position between
the Tx and the Ix is fixed. In this situation, when misalignment
occurs, My, remains constant, while M, and M could vary
with respect to position. For simplicity of analysis, the Tx
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Fig. 4. Variation of I against misalignment when Ix placed at transmitter.

and Ix are designed such that L, = L., M, = M, in perfect
alignment, and M, = M, with misalignment. In this case, I

can be expressed as
I = UacMrs(Mpr - ’VLr)
’ L¢ ['VRequ + jw('V(SLrLs - Mr%)]

®)

where [ is the amplitude of fs, which is expressed as

Is _ UacMrslMpr - IVLr| ) (9)

Lf\/ [szqul? +w (M2 — 76LrLS)2}

To simplify the analysis of I, when misalignment occurs, let
v = 0, and I can be expressed as
Uachr
OJLers

s =

. (10)

The variation of I against misalignment is shown in Fig. 4,
where it can be seen that when 0 is in the range [0.3, 1], and I
cannot remain constant in the considered misalignment range.
This means that when the Ix is placed at the transmitter, the
system’s misalignment tolerance cannot be improved.

2) Intermediate Aided Coil Located At Receiver: When the
Ix is placed at the receiver, the relative position between the
Rx and the Ix is fixed. When misalignment occurs, M, remains
constant, while M, and M, could vary with respect to position.
As Uy, My, w, Ly, §, and L are constant against misalignment,
according to (5), A decouples with misalignment when Ix is
placed at the receiver. To achieve a constant output current [
against misalignment under the same R__, the following term
should be a constant:

My My — L M. (11)

Under perfect alignment, the mutual inductance between Tx
and Rx is M, while the mutual inductance between Tx and Ix
is My0. When misalignment occurs, the variations in mutual in-
ductance are denoted as A M, and A M, then (11) is expressed
as

Mpr,OMrs,O - ’YLrMps,O + A-Z\4pr]\4rs - PyLrAMps- (12)
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Fig. 5. Variation of I against misalignment when Ix placed at receiver.

To ensure that (11) is constant, we need to further impose

AMp Mg — YL AMps = 0 (13)
which can be equivalently written as
L AM,
el e (14)
My AMp

According to (14), when AM, and AM,, vary linearly, the
value of (11) remains constant throughout the misalignment.
As stated in [18] and [19], it is possible to maintain a linear
relationship between AM,s and AM,, during a misalignment
process. In the case of AM; = AM,, the variation of I against
misalignment is shown in Fig. 5, where it is evident that I is
a constant value during the misalignment process, therefore the
intermediate coil placed at the receiver can enhance the system’s
misalignment tolerance under certain conditions.

In summary, when the Ix is placed at the transmitter, the output
current /; cannot remain constant. However, by placing the Ix at
the receiver, designing coupler and Ix tuning ratio -y can achieve
constant I during misalignment. Therefore, in this article, the
Ix will be placed at the receiver, and the method for designing
the coupling mechanism and tuning the coil parameters are
specifically described in the next subsection.

III. TUNING METHOD AND COUPLER ANALYSIS
A. Tuning Method

Generally, coil tuning can reduce reactive power loss and im-
prove transfer efficiency, but the commonly used tuning method
for two-coil system is not applicable to the SIA WPT system.
Therefore, this section will analyze the tuning method specific
to the SIA WPT system.

According to (5), when the Ix is placed at the receiver, the
output current I on the ac side can be a constant value during
misalignment by designing the Ix and adjusting Ix tuning ratio ~y.
The role of ¢ is to achieve the system’s maximum power transfer
and to decouple the output voltage from the load, while the in-
verter voltage and current phase can be adjusted by modifying Tx
tuning ratio 3. The primary objective of this article is to improve
the misalignment tolerance of the WPT system, followed by
achieving constant output voltage, maximizing power transfer,
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and ensuring the ZVS state of the inverter. Therefore, in this
article, the primary focus is on the Ix tuning ratio v, followed by
an analysis of the Rx tuning ratio § and the Tx tuning ratio 5.

1) Design Intermediate Aided Coil Tuning Ratio y: The Ix
can be designed to operate in inductive, capacitive, or resonant
states, and the system characteristics vary depending on the
state of the intermediate coil. However, the primary objective of
this article is to improve the system’s misalignment tolerance;
therefore, the design of the Ix tuning ratio ~y is crucial. Since the
7 is determined by AM,,./ A M, therefore, before designing +,
we need to determine AM),, /A M.

Based on the previous analysis, the coupler needs to be
designed so that AM,, and AM,, satisfy the following rela-
tionship:

AM,, = aAM, (15)

where a is a constant representing the ratio of the mutual induc-
tance variation AM,, /A M, during the misalignment process.
With this definition, (14) can be rewritten as

~v = aM/L; (16)
Eq. (5) is further expressed as
P U.B
I.f - *.ijfA
Iy = Use/(jwLs)
J = Uslo(BL My~ My M)~ Reg My a7
r JwL A
. = UaMi(My—aMy)
= oMMy —alMyp,)

LA

where A and B are further expressed as
A = My [aReq + jw(adLs — My)]
B = awpBSLy LMy — ajBLyReqMy — wBLy M2
— awM M2, — wOLM2 + jM2 Req + 2w My My M.

To simplify the analysis, the mutual inductance is equivalently
transformed as follows:

Meq = My — aMy. (18)

2) Design Receiving Coil Tuning Ratio 6: According to (17),
I can be adjusted by tuning ¢ to control its amplitude and phase.
The current of the Rx and output voltage, and the output power
Py are given by

_ UseMeq aReq — jw(Mys — adLy)

I 19
’ Li  a?R2, + w? (M — adLy)? (1
M,

Is _ Uac eq (20)

LeyJa2 R, + w2 (My, — ad L)’
Use MegR

US _ ac eq eq (2])

LeyJa2 R, + w2 (My, — adL)?
U2M2R
Pout _ IszReq _ ac"Feq”eq (22)

Lf2 [aReq + jWMrs(Mrs - 5L%)]2

According to (20), the Rx tuning ratio § affects the amplitude
of the current I for the same R.q. According to (21), both the Rx
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Fig. 6. Variation of U, with different values of 6 and R, .
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Fig. 7. Variation of [ with misalignment for different value of §.

tuning ratio 0 and R, affect the voltage Us. According to (22),
the Rx tuning ratio ¢ affects the output power for a given Req
and output voltage Us. To achieve both a constant output voltage
Us and maximum power across different R4, 6 must be adjusted
appropriately to maintain a constant output voltage Us and
maximize the amplitude of ;. The variation of U with different
0 and R.q is shown in Fig. 6, where it can be seen that, when
0 = M/ (aLs), the output voltage Us remains constant with
different resistance Ry, achieving a constant voltage output. The
variation of I with § under different loads is shown in Fig. 7.
From Fig. 7, the amplitude of [ increases and then decreases as §
increases from 0 to 1. When § = M,/ (aLy), the amplitude of I
reaches its maximum. Therefore, § should satisfy the following
condition:

§ = My/(aLs). (23)
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Subsequently, (17) can be further derived as follows:

j— Une M2 Une(M2—a M L)
1™ WPL7Ry ajwM,L2
fo= UMy _ UMy

ajwMyL; ~ a®LiReg
IS = UacMeq/(aLfReq).

3) Design Transmitting Coil Tuning Ratio [: After the Ix
tuning ratio -y and the Rx tuning ratio § have been determined,
we continue to determine the Tx tuning ratio 3, which affects
the imaginary part of the inverter output current I according to
(24). The phase angle € between the output current It and the
output voltage U,. of the inverter can be expressed as

aReq(aBMLy, — Mpzr) 180°

0 = arctan 5
WM Meq

(25)

ZVS can ensure that the voltage across the MOSFET switching
is close to zero during the switching process, thereby avoiding
significant losses caused by the overlap of voltage and current
at the of switching process; and it is affected by voltage and
current phase angle 6, when 6 <0, the ZVS of the inverter can
be achieved. According to (25), voltage and current phase angle
0 can be adjusted by £.

Fig. 8 shows the variation of the voltage and current phase
angle 0 against 3 in alignment. We can conclude that at the
moment of alignment, when § = Mgr/(aMrst), 0 =0°,72ZVS
can be achieved at this time. However, when [ gradually in-
creases from M2 /(aMyLy) to 1, 6 gradually increases from 0°
to 90°. Generally, in the design process, it is typically required
that 0 < f3. Therefore, to achieve ZVS for the inverter, 3 should
satisfy the condition: 0 < § < M, /(aMyLy).

Subsequently, according to (25), if M, is a constant value
during the misalignment process, then M, is the only variable
value in this process. Therefore, the variation of 6 with mis-
alignment can be expressed as a variation of 6 with M. Then
the relationship between the phase angle # and variable 5 with
misalignment is shown in Fig. 9, and it can be seen that when
B = 0, the phase angle § < 0°. If § < 0°, the current phase
lags behind the voltage phase, allowing the MOSFET to achieve
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Variation of phase angle (0) against 3 and M,

zero-voltage turn-ON and enabling the inverter to achieve ZVS.
Therefore, to achieve ZVS of inverter, 3 should be set to zero
8 =0, and (24) is expressed as

; Upe M2 Upe M2

I _ ac Meq ac M pr

.f (11.2Lf2Req + ajwM,<L2

IP = a(':/(JWLf) . (26)
j — _Uachr o UacMeq

r— ajerst a? LiReq

I, = Upe M2,/ (aL¢Rey).

According to (26), the intermediate coil current is related to
My, Mey, and M,; however, Mg and M,s remain fixed val-
ues, while only M, changes durlng the misalignment process.
Therefore, the intermediate coil current I, will vary with M,
during the misalignment process. From (25), the phase between
U, and I is in phase. Therefore, the phase difference between I,
and I can be expressed in terms of the phase difference between
I, and Uyc. The phase angle  between the Ix current I, and the
Rx current J; can be expressed as

aMyRey \ 180°
WM Meq '

Fig. 10 shows the variation of phase angle ¢ with misalign-
ment. From Fig. 10, as M, decreases during the misalignment,
the phase angle ¢ between the intermediate coil current and
voltage of inverter approaches 0 from a negative value.

The output voltage on the ac side of the system described by
(6) can be expressed as

27)

¢ = arctan (
us

Us = steq = [.]acMeq/(aLf)~ (28)
Let k = Meq/(aLs), (28) can be expressed as
U, = kU, (29)

The output power on the ac side of the system described by
(7) can be expressed as

2 2
Uac M, €q

P()ut - |US||IS| cosf = m.

(30)

According to (29), the output voltage U, of the system is
independent of the load Req, allowing the system to achieve a
constant voltage output. The ratio of Uy /U, is k, and the system
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constant Usand a_maximum /

Design J to achieve a

constant voltage output | From (23), calculate the value 0f(5|

Design S to |From (25), design f =0 to achieve ZVSI
achieve ZVS
Output f, y and 0
Output tuning
parameters

Fig. 11.  Design flow of the coils tuning ratio method.

can be considered a transformer with a voltage transformation
ratio of k.

To facilitate the design of tuning ratio parameters, the design
flow of the coils tuning ratio method is summarized in Fig. 11,
which outlines the process for designing the tuning ratios 3, -,
and ¢ to improve misalignment tolerance of the system, achieve
constant output voltage and maximum power transfer capacity,
and ensure ZVS of the inverter. This design flow simplifies the
process of designing the tuning ratios 3, v, and §, and some
remarks on this flowchart are as follows.

1) First, analysis the tuning ratio parameter that affects
the system’s misalignment tolerance. Then, optimize this
parameter to ensure that the system output remains con-
stant and independent of misalignment. In this article, this
parameter is v, and according to (16), let v = aMs/ L.
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Secondary coil L,
B IV, turns

1ate coil L,

Fig. 12.  Definition of coil size and structure.
TABLE II
DEFINITION OF COILS PARAMETERS

Symbol  Definition Unit
dp Diameter of transmitter coil mm
dr Diameter of repeater coil mm
ds Diameter of receiver coil mm
d Wire diameter for winding mm
N, Turns of transmitter /
N; Turns of repeater /
N Turns of receiver /
h Distance between transmitter and receiver mm

Angle between any point on the Tx
c g Yy P deg

and the positive direction of x-axis

2) Second, building on the analysis of the first step to improve
the system’s misalignment tolerance, this step analysis the
tuning parameters that affects the system’s output voltage
and power, then optimizes these parameters to ensure that
the output voltage remains independent of the load while
maximizing output power. In this article, this parameter is
0, and according to (23), let § = M,s/aLs.

3) Finally, based on the analysis of the first and second steps,
this step analysis the conditions for achieving ZVS turn-
ON of the system inverter. In this article, S affects the
switching state of the system inverter. To achieve ZVS
throughout the entire misalignment process, [ is set to 0.

The system tuning parameters can be calculated simply

by the above three steps, making the calculation simple and
convenient.

B. Coupler and Magnetic Analysis

1) Coupler Design: In the WPT system, the coils are typi-
cally either square or circular. Square coils are symmetric only
in the x and y directions of the plane, while circular coils
are symmetric throughout the entire plane. To achieve high
misalignment tolerance for the system in all directions across
the entire plane, the Tx, Ix, and Rx are all designed as circular
coils. The structure and dimensions of coils are shown in Fig. 12,
and the definition of each parameter is shown in Table II.

The design flow to design a coupler that satisfies (15) is shown
in Fig. 13. This flowchart simplifies the process of developing
the desired coupler. The flowchart can be decomposed into four
steps as follows.
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Determine d according
to transfer power

Determine f, dy, h, dy, a and M
according to the requirements

Initialize parameter

Calculate mutual
inductance M,

0.9Myyo SMp<1.1Mpq?

;*Yes

| Select the optimal N, N

Design N, and N

Design d; and N,

Calculate mutual inductance
My, My, A My, A M, with a
certain misalignment

Select the

L | » Yes
optimal d,, N;
Output coupler parameters Output d, d, N,
N; and N;
End

Fig. 13.  Design flow of coupling mechanism.

1) First, determine d according to the Tx, Ix and Rx currents.
Then, determine f, a, dp, h, ds and M o based on practical
requirements.

2) Secondbackslas, design parameters of Tx and Rx for IV,
and NNV;.

3) Third, design parameters of Ix for d, and IV,.

4) Finally, output the parameters of d;, N,, Ny, Ny, and d.

According to the coupler design flow, a coupler that satisfies

(15) has been designed. The specific parameters of the coupling
mechanism are shown in Table III.
When a = 1, (18) is further derived as

Mey = My — M. 31)

Fig. 14 shows the COMSOL finite element simulations and
actual measurements of Ly, Ly, Ls, and M, both in alignment
and misalignment. It can be seen that the measured values are
highly consistent with the simulated values. L, L., Ly, and M
remain constant in the presence of misalignment.

Fig. 15 shows the COMSOL finite element simulations and
actual measurements of M, My, and My in all planar mis-
alignment directions. There are small errors between simulated
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TABLE III
PARAMETER OF DESIGN COUPLING MECHANISM

Parameter  Value Parameter  Value

f 8 kHz d, 150 mm
d: 140 mm  d; 250 mm
d 2.8 mm h 50 mm
N, 16 N; 12

Nj 15 a 1

L, 322uH L, 19.6 uH
Ly 77.6 pH Mo 9.7 uH
Mo 5.06 uH  Misp 12.6 uH

Inductance value (uH)

Misalignment (mm)

Fig. 14.
alignment.

Simulated and measured of Ly, Ly, Ls, and My with planar mis-

Mutual inductance (uH)

Planar misalignment (mm)

Fig. 15.
ment.

Simulated and measured of M5, M, and Meq with planar misalign-

and measured values of M, My, and M,y for the 0-90 mm
misalignment range. These errors are acceptable and within
practical limits. When the fluctuation of M,y remains within 3-2
%, the maximum allowable misalignment is 70 mm (46.67% of
the diameter of the Tx), while the fluctuation of M, remains
within £3 %, the maximum allowable misalignment is 80 mm
(53.3% of the diameter of the Tx).

Fig. 16 shows the COMSOL finite element simulations and
actual measurements of M, My, and M, in vertical misalign-
ment direction. From Fig. 16, the measured values of My, M,,,
and M, are almost identical to the simulated values. When
the transfer distance increases gradually from 30-65 mm, M
is approximately a constant value, and the fluctuation of M4
remains within = 5%. When the transfer distance increases
gradually from 30 to 70 mm, the fluctuation of M., remains
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Fig. 16.  Simulated and measured of M, My and Meq with vertical mis-
alignment.

within = 8%. In conclusion, M., remains constant in all planar
directions and within 30—65 mm transfer distance in the vertical
direction.

Therefore, based on the above analysis, the parameter My
remains approximately constant within the horizontal misalign-
ment range of 0-80 mm and the vertical misalignment range of
30-65 mm. From Fig. (15) and (16), a is also approximately
constant within the above misalignment range.

2) Magnetic Analysis: To analyze the physical mechanism
of the proposed method in this article, a magnetic field analysis
is conducted. The magnetic induction components in the z, y,
and z directions at point P(xo, Yo, 20) in space generated by the
Tx can be expressed as By, By, and B,

— HolNply 27 2,
BX_ 4 f yd€

N5 27"3

_ Ho Tz /

By = === |7 25a'de (32)
_ N Ly 27 (yo—y)a'—(zo—2)y’

B, =22 73 de

where r represents the distance from any point on the Tx to the
point P(x0, yo, 20) in space, and x, y, € represent the coordinates
of a point on the Tx

r:\/(xo—a:)2+

T = %pcos (e)

y = %" sin (¢)
e €10, 2n].

(yo —y)* + (20 — 2)°

According to the principle of magnetic field vector superpo-
sition, the resultant magnetic flux density B generated by the
Tx at any point P(z, yo, z0) in space can be expressed as

By
B = |B,
B,

(33)

The magnetic flux through the Ix and Rx can be expressed as

o, =N, [; B-dA,

34
o, = N, [ B -dA.. G4
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Fig. 18. Magnetic field distribution. (a) Top view in a well-alignment. (b) Top
view with 80 mm misalignment. (c) Front view with in a well-alignment.
(d) Front view with 80 mm misalignment.

The mutual inductance My, and M, can be expressed as

My =2
b (35)
My = 7+

When the misalignment occurs, AM,s and AM, can be
expressed as

@& _és

AMy, = Bt
_ vyl (36)

AMy = Ta%

The distribution of the magnetic flux density B observed on
the plane at z = 50 mm is shown in Fig. 17.

The magnetic field distribution both in a well-aligned condi-
tion and with 80 mm misalignment is shown in Fig. 18(a), (b),
(c), and (d), obtained using COMSOL finite element simulation
software. In Fig. 18(a) and (c), the Ix and Rx are fully coupled
with Tx. In Fig. 18(b) and (d), only the edges of the Ix and the
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(@ (b)
Fig. 19.  Prototype of coupling mechanism. (a) Tx. (b) Ix and Rx.
— — ~— Intermediate Transmitting
M aided coil coil
| Voltage § - Receiving =
£ Power probe Rectifier! il -~

- analyzer
© Current
\ probe
A=
Electronic
__Joad

T

Fig. 20.

500 W experimental prototype.

Rx are coupled with the Tx. As the misalignment increases, the
coupling area between the Ix and the Tx, as well as between the
Rx and the Tx, becomes progressively smaller. Consequently,
both M and My, will decrease simultaneously with misalign-
ment. The prototype and size of the designed coupler is shown
in Fig. 19, which shows that the diameter of the Tx, Ix, and Rx
are 150 mm, 140 mm, and 250 mm, respectively. The transfer
distance h is 50 mm.

1IV. EXPERIMENTAL RESULTS
A. Experiment and Output Performance

To validate the effectiveness of the proposed SIA WPT sys-
tem, a 500-W experimental prototype has been constructed,
as shown in Fig. 20, and the system parameters are listed in
Table IV. To measure the input/output voltage, current, power,
and system efficiency, a power analyzer (Model: HIOKI
PW8001) is employed in this article.

Fig. 21 shows the experimental waveforms with R, = 3.8
for the inverter output voltage U, and current I¢, the rectifier
input voltage Us and current I, as well as the intermediate
coil current I, all in perfect alignment. In Fig. 21, the inverter
output voltage is set to 100 V/div and rectifier input voltage is set
to 50 V/div, while the inverter output current, the intermediate
coil current and the rectifier input voltage and current are set to
15 A/div, 30 A/div, and 30 A/div. From Fig. 21(a), the inverter
output current ¢ lags the inverter output voltage U, by a certain
phase angle, indicating that the inverter achieves ZVS in a
well-aligned. From Fig. 21(b), the intermediate coil current I,
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TABLE IV
SYSTEM PARAMETER

Parameter Value Parameter Value
f 85kHz Uge 100V
L 10 uH CY 350.6nF
Ly 32.2 uH Cy 159.4nF
Ly 19.6 uH C 493.9nF
Ly 77.6 uH Cs 53.86nF
U, 43V Mpso 9.7 uH

Mo 5.06 uH Mo 12.6 uH
«@ 0 B8 0
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Fig. 22.  Experimental waveforms of Uy, I, Us, and I with planar misalign-
ment when Ry, = 3.8 2. (a) With 20 mm planar misalignment. (b) With 40 mm
planar misalignment. (¢c) With 60 mm planar misalignment. (d) With 80 mm
planar misalignment.

leads the inverter output voltage U, by ¢, the correctness of
theoretical analysis has been verified.

The experimental waveforms with ), = 3.8 €2 for the inverter
output voltage U, and current [y, while the rectifier input voltage
U, and current I, for 20 mm, 40 mm, 60 mm, and 80 mm
planar misalignments are shown in Fig. 22. As can be seen from
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Fig. 23.  Experimental waveforms of Uy, It, Ir, and I with planar misalign-
ment when Ry, = 3.8 (2. (a) With 20 mm planar misalignment. (b) With 40 mm
planar misalignment. (c) With 60 mm planar misalignment. (d) With 80 mm
planar misalignment.

100.859 V
5.88628 A
0.59358kW
43.1373 V

11.8927 A
0.51302kW
86.428 %

Fig. 24.  System electrical parameters in a perfect-alignment.

Fig. 22(a), (b), (¢), and (d), the inverter output current I; lags
the inverter output voltage U,. by a certain phase angle, or the
inverter output current /¢ and the inverter output voltage U, turn
ON simultaneously, indicating that the inverter achieves ZVS for
all misalignments.

Fig. 23 shows the experimental waveforms with R;, = 3.8 Q)
for the inverter output voltage U,. and current I¢, the intermediate
coil current [, and the rectifier input current /g for 20 mm,
40 mm, 60 mm, and 80 mm planar misalignments. As can be
seen from Fig. 23(a), (b), (c), and (d), the phase angle  between
the intermediate coil current /; and the inverter output voltage
U, gradually decreases as the misalignment distance increases,
confirming the correctness of the theoretical analysis.

The electrical parameters at the dc side and the system’s dc—dc
efficiency at the well-aligned is shown in Fig. 24, where Uy,
I4c1, and Py represent the system’s input dc voltage, dc current,
and input power, while Uye,, 142, and Ps represent the system’s
dc output voltage, dc current, and output power. 71 is the system’s
dc—dc efficiency. It can be seen that the system’s dc input voltage
and current are 100.86V and 5.89A, the dc output voltage and
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Fig. 25. System electrical parameters of Uge, Igc, Uy, and I, with planar
misalignment when Ry, = 3.8 2. (a) With 20 mm planar misalignment. (b) With
40 mm planar misalignment. (c) With 60 mm planar misalignment. (d) With
80 mm planar misalignment.
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0.45565 kW
87.7719 %

100.891
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43.6539 V
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© (d)

Fig. 26. System electrical parameters of Ugc, I4qc, Uy, and I, with vertical
transfer distance when R, = 3.8 2. (a) With 30 mm vertical transfer distance.
(b) With 40 mm vertical transfer distance. (¢c) With 60 mm vertical transfer
distance. (d) With 70 mm vertical transfer distance.

output current are 43.14 V and 11.89 A, while the dc—dc transfer
efficiency is 86.43%.

When load resistance is Ry, = 3.8 (2, the electrical parameters
at the dc side and the system’s dc—dc efficiency for 20 mm,
40 mm, 60 mm, and 80 mm planar misalignments are shown
in Fig. 25. As can be seen from Fig. 25(a), (b), (c), and (d), the
system’s dc input voltage ranges between 100.85V and 100.86V,
while the system’s dc output voltage ranges between 42.71 V
and 44.58 V, and the system’s transfer efficiency ranges between
85.78% and 86.87%.

The output parameters of the SIA WPT system are shown in
Fig. 26 when vertical misalignment occurs with R; = 3.8 ).
Fig. 26(a), (b), (c), and (d) display the input/output voltage,
current, power, and efficiency at vertical transfer distances of
30 mm, 40 mm, 60 mm, and 70 mm, respectively. Within the
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ment.

Output voltage and output voltage fluctuation with planar misalign-

transfer distance range of 30—70 mm, the system’s dc—dc effi-
ciency remains between 86.43% and 88.27%, while the output
voltage stays between 41.7 V and 46.82 V.

To verify the effectiveness and feasibility of the SIA WPT
system and the proposed tuning method in this article, the mis-
alignment tolerance performance of both the traditional two-coil
system and the SIA WPT system are analyzed under the same
conditions, including coil size, input voltage, output voltage,
transfer distance, and transfer efficiency.

Fig. 27 shows the output voltage and output voltage fluctu-
ation with planar misalignment. The output voltage fluctuation
ratio is defined as follows:

U(L min

Uo, max + Uo, min

Uo, max ~

A= x 100% (37)
where U, ax and U, i, are the maximum output voltage and
the minimum output voltage of system with misalignment.

In well-aligned, the output voltage of the STA WPT system is
43.14 V. With a 50 mm planar misalignment, the output voltage
increases to a maximum of 45 V, with an output voltage fluctua-
tion ratio » = 2.58% . At 80 mm planar misalignment (53.3%)
and when the load resistance is ;. = 3.8 2, the output voltage of
the SIA WPT system decreases to a minimum of 42.71V, with
an output voltage fluctuation ratio A = 2.61% . Moreover, in
the perfect alignment case, the output voltage of the traditional
two-coil system is 45 V. With a 25 mm planar misalignment
and Ry = 3.8, the output voltage decreases to 42.7 V, and
the traditional two-coil system output voltage fluctuation is
A = 2.62% . With a 80-mm planar misalignment, the output
voltage of the traditional two-coil system drops to 27.71V with
the fluctuation of output voltage & = 23.78%. Compared to the
traditional two-coil system, the planar misalignment tolerance
is increased by 55 mm (36.7% of the transmitter diameter)
indicating that the STA WPT system significantly improves the
planar misalignment tolerance.

Fig. 28 shows the output power and efficiency of the SIA WPT
system and the traditional two-coil system with planar misalign-
ment when the load resistance is R = 3.8 {.In well-alignment,
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vertical distance.

the output power of the SIA WPT system is 513 W, and the
dc—dc efficiency is 86.43%. Meanwhile, the output power of the
two-coil system is 513 W, and the dc—dc efficiency is 90.95%.
With a 50-mm planar misalignment, the output power of the
SIA WPT system increases to a maximum of 558.94 W, and
the de—dc efficiency is 86.14%. With a 80 mm planar misalign-
ment, the output power of the SIA WPT system is 502.83 W,
and the dc—dc efficiency is 85.78%. The output power of the
traditional two-coil system decreases gradually with increasing
planar misalignment. With a 30 mm planar misalignment, the
output power of the traditional two-coil system is 477 W, and the
dc—dc efficiency is 90.68%. With a 80-mm planar misalignment,
the output power of the traditional two-coil system is 187.4 W,
and the dc—dc efficiency is 88.02%. The difference in efficiency
between the STA WPT system and the traditional two-coil system
is 2.24%.

Fig. 29 shows the output voltage and output voltage fluctua-
tion ratio of the SIA WPT system versus vertical misalignment.
When the vertical transfer distance is 40 mm, the system’s output
voltage reaches a maximum of 46.82 V, while at a distance of
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Fig. 31. Comparison between theoretical and measured values of k.

70 mm, the voltage drops to a minimum of 41.7 V. The highest
fluctuation occurs at a vertical transfer distance of 70 mm, with
a fluctuation ratio of 5.78%. However, within the transfer range
of 30-65 mm (70% of transfer distance), the system’s output
voltage fluctuations remain within 5%. Therefore, the SIA WPT
system proposed in this article yields a high tolerance to vertical
misalignment.

Fig. 30 shows the output voltage of the SIA WPT system
versus planar misalignment and load resistance Ry, from 5 € to
30 © . With a 80 mm planar misalignment and load resistances
Ry ranging from 5 € to 30 €2, the output voltage fluctuation is
A = 2.62% . Over a planar misalignment range of 0-80 mm and
the load from 5 2 to 30 €2, the output voltage fluctuation of SIA
WPT system is less than 2.7 V, indicating that the system can
maintain a constant voltage output.

Fig. 31 shows the theoretical and measured values of k against
planar misalignment. Due to the losses in the electronic com-
ponents during the experiment, the experimental value of & is
slightly smaller than the theoretical calculated value. However,
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TABLE V
COMPARISON WITH PREVIOUSLY PUBLISHED WORKS

Planar Misalignment

Z-axis misalignment  Load-independent

Ref. Misalignment Directions Percentage (%) Percentage (%) Output Output Fluctuation (%)
[17] Only axial direction é__;;lss jg;f No data CcC 5%

[18] Only axial direction 5;‘;‘:: g’Z; No data cv 5%

[21] Only axial direction ﬁjj{‘l‘: 530 o 44.4% cc 6.2%

24] Only axial direction é:;‘: igj;f 16.7% cp 5%

28] Only axial direction ﬁ;’(‘: 15?.?% 46.7% cc 5%

This Article L ¢ Whole plane Whole plane: 53.3%  70% cv planar: 3%

and Z-axis

vertical: 5%

during the misalignment process, the variation trend of the
measured and the theoretical values remains consistent, proving
that the system can be considered as a transformer with a voltage
transformation ratio of k.

B. Comparison With Existing Research

The comparison results between the SIA WPT system and
previously published works are shown in Table V. This table
highlights several key advantages and contributions of the pre-
sented work. The comparisons in this article are based solely on
the data explicitly reported in the reference articles; any data not
provided are assumed to be unavailable. Compared with [17],
the proposed SIA WPT system improves misalignment range
and accommodates additional misalignment directions.

Compared with [18], a three-coil system structure that em-
ploys square coils is proposed in [18]. By designing the coupler
to satisfy the condition AMpg = AMrg during misalignment,
the system significantly improves its misalignment tolerance
along both the x-axis and y-axis. If circular coils are further
adopted in this system, it is expected to enhance the misalign-
ment tolerance in all directions within the plane. However, this
aspect was not discussed in [18]. The system is suitable wire-
less charging for electric vehicles. However, in certain specific
applications—such as automated guided vehicle requiring the
transmitting and receiving coils to have identical dimensions—
designing the coupler to satisfy the condition AMpg = AMrg
can lead to a significant reduction in misalignment tolerance.
In such cases, further designing the coupler to satisfy the con-
dition AMpg = aAMrg can effectively enhance the system’s
misalignment tolerance. The SIA WPT system proposed in this
article effectively overcomes the limitations of the method pre-
sented in [18], improving misalignment tolerance—particularly
in application scenarios where the transmitting and receiving
coils are required to have identical dimensions.

Compared with [21], the proposed STA WPT system improves
misalignment range and accommodates additional misalignment
directions. Meanwhile, the coupling mechanism and compensa-
tion topology are simpler. Compared with [24], the proposed STA
WPT system improves misalignment range, and the topology
structure is simpler. Compared with [28], the proposed SIA
WPT system increases the misalignment range and reduces

the size of the coupler. To sum up, compared with previously
published works, the method proposed in this article improves
the system’s misalignment tolerance in any lateral direction
and vertical direction under planar alignment, and reduces the
fluctuation range of the output voltage during the misalignment
process. The system tuning parameter design is simple, with
only the coupler parameters needing to be provided to calculate
the tuning parameters.

V. CONCLUSION

This article has proposed an SIA WPT system with a con-
stant voltage output, introduced a tuning method to enhance
the system’s planar and vertical misalignment tolerance, and
achieve ZVS of the inverter. In this system, the Ix is located at
the receiver and wound in the same direction as the Rx to improve
the misalignment tolerance, and a tuning method for each coil
is proposed. A constant voltage output and high misalignment
tolerance are achieved by adjusting the tuning ratio ~y of the Ix.
Additionally, The system’s output current /5 can be maximized
while the output voltage U remains independent of the load,
thereby achieving both maximum power transfer and constant
voltage output by adjusting the tuning ratio § of the Rx. ZVS
of the inverter is achieved by adjusting the tuning ratio 3 of the
Tx. Then, a method for designing the coupling mechanism is
proposed based on the system’s requirements. Finally, a 500 W
experimental prototype has been built to validate the feasibil-
ity of the proposed SIA WPT system and the tuning method.
The experimental results show that within an 80 mm planar
misalignment range (53.3% of the primary coil diameter), the
output voltage fluctuation of the STA WPT system is within
3%, and the peak dc—dc efficiency is 86.87%. In the vertical
transmission distance range of 30-65 mm (70% of the normal
transfer distance), the output voltage fluctuation is within 5%,
with a peak dc—dc efficiency of 88.26%.

REFERENCES

[1] 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.

[2] Y.Fan, Y. Sun, X. Dai, Z. Zuo, and A. You, “Simultaneous wireless power
transfer and full-duplex communication with a single coupling interface,”
IEEE Trans. Power Electron., vol. 36, no. 6, pp. 6313-6322, Jun. 2021.



LI et al.: DESIGN OF A HIGH MISALIGNMENT TOLERANCE AND CV OUTPUT WPT SYSTEM USING A SECONDARY REPEATER

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

(17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

T. Feng, Z. Zuo, Y. Sun, X. Dai, X. Wu, and L. Zhu, “A reticulated
planar transmitter using a three-dimensional rotating magnetic field for
free-positioning omnidirectional wireless power transfer,” IEEE Trans.
Power Electron., vol. 37, no. 8, pp. 9999-10015, Aug. 2022.

T. Li et al., “Design and optimization of a perfectly symmetric planar
spiral receiving coil with Low E-field exposure for large-space WPT,”
IEEE J. Emerg. Sel. Top. Power Electron., early access, Oct., 1, 2024,
doi: 10.1109/JESTPE.2024.3471657.

K. Song et al., “A rotation-lightweight wireless power transfer system
for solar wing driving,” IEEE Trans. Power Electron., vol. 34, no. 9,
pp. 8816-8830, Sep. 2019.

Y. Li et al., “Analysis, design, and experimental verification of a mixed
high-order compensations-based WPT system with constant current out-
puts for driving multi string LEDs,” IEEE Trans. Ind. Electron., vol. 67,
no. 1, pp. 203-213, Jan. 2020.

Y. Fan, Y. Sun, X. Dai, Z. Zuo, and A. You, “Simultaneous wireless power
transfer and full-duplex communication with a single coupling interface,”
IEEE Trans. Power Electron., vol. 36, no. 6, pp. 6313-6322, Jun. 2021.
X. Hou, Y. Su, Z. Zuo, X. Dai, and Y. Fei, “A novel analysis method
based on quadratic eigenvalue problem for multirelay magnetic coupling
wireless power transfer,” IEEE Trans. Power Electron., vol. 36, no. 9,
pp- 9907-9917, Sep. 2021.

N. Kang, Y. Shao, M. Liu, and C. Ma, “Analysis and implementation of
3D magnetic field shaping via a 2D planar transmitting coil array,” IEEE
Trans. Power Electron., vol. 37, no. 1, pp. 1172—1184, Jan. 2022.

H. Hu, H. Hu, F. Chen, X. Dai, and Y. Sun, “Efficiency improvement
strategy based on frequency reduction with constant current characteristic
for underwater wireless power transfer systems,” IEEE Trans. Power
Electron., vol. 40, no. 9, pp. 14038-14049, Sep. 2025.

Z. Deng et al., “Design of a 60-kW EV dynamic wireless power transfer
system with dual transmitters and dual receivers,” IEEE Trans. Emerg. Sel.
Topics Power Electron., vol. 12, no. 1, pp. 316-327, Feb. 2024.
Z.Dengetal., “A method based on vector-summing of reduce output power
fluctuation for EV-DWPT system with the passive LC network,” I[EEE
Trans. Transport. Electrific., vol. 11, no. 1, pp. 2133-2145, Feb. 2025.
M. Budhia, J. T. Boys, G. A. Covic, and C. Y. Huang, “Development of a
single-sided flux magnetic coupler for electric vehicle IPT charging sys-
tems,” IEEE Trans. Ind. Electron., vol. 60, no. 1, pp. 318-328, Jan. 2013.
A. Zaheer, G. A. Covic, and D. Kacprzak, “A bipolar pad in a 10-kHz
300-W distributed IPT system for AGV applications,” IEEE Trans. Ind.
Electron., vol. 61, no. 7, pp. 3288-3301, Jul. 2014.

A. Zaheer, D. Kacprzak, and G. A. Covic, “A bipolar receiver pad in a
lumped IPT system for electric vehicle charging applications,” in Proc.
IEEE Energy Convers. Congr. Expo. (ECCE), Raleigh, NC, USA, 2012,
pp- 283-290.

Y. Nagatsuka, N. Ehara, and Y. Kaneko, “Compact contactless power
transfer system for electric vehicles,” in Proc. Int. Power Electron. Conf.
- ECCE ASIA -, Sapporo, Japan, 2010, pp. 807-813.

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 (WoW), Chongqing, China, 2017, pp. 34-39.

Y. Chen, R. Mai, Y. Zhang, M. Li, and Z. He, “Improving misalignment
tolerance for IPT system using a third-coil,” IEEE Trans. Power Electron.,
vol. 34, no. 4, pp. 3009-3013, Apr. 2019.

J.Mai, Y. Wang, Y. Yao, M. Sun, and D. Xu, “High-misalignment-Tolerant
IPT systems with solenoid and double d pads,” IEEE Trans. Ind. Electron.,
vol. 69, no. 4, pp. 3527-3535, Apr. 2022.

Y. Yao, S. Gao, J. Mai, X. Liu, X. Zhang, and D. Xu, “A novel misalignment
tolerant magnetic coupler for electric vehicle wireless charging,” IEEE J.
Emerg. Sel. Topics Ind. Electron., vol. 3, no. 2, pp. 219-229, Apr. 2022.
X. Li et al., “A dual-coupled Double-LCC system with the capability
of misalignment tolerance improvement for wireless charging substa-
tion inspection robots,” IEEE Trans. Power Electron., vol. 39, no. 6,
pp. 6624—6629, Jun. 2024.

F. Hao, A. Dayerizadeh, and S. Lukic, “A coupling-insensitive X-type IPT
system for high position tolerance,” IEEE Trans. Ind. Electron., vol. 68,
no. 8, pp. 6917-6926, Aug. 2021.

H. Jia, Q. Chen, Z. Zhang, S.-C. Wong, and C. K. Tse, “Analysis of output
current characteristics for higher order primary compensation in inductive
power transfer systems,” in IEEE Trans. Power Electron., vol. 33, no. 8,
pp. 6807-6821, Aug. 2018.

Z. Lei, D. Thrimawithana, and U. Madawala, “Hybrid bidirectional wire-
less EV charging system tolerant to pad misalignment,” IEEE Trans. Ind.
Electron., vol. 64, no. 9, pp. 70797086, Sep. 2017.

[25]

[26]

[27]

[28]

[29]

[30]

o

Chongqing University, Chongging, where he is currently an Associate Professor.
His research interests include system identification and parameter estimation,
with applications to wireless power transfer.

17501

L. Zhao, D. J. Thrimawithana, U. K. Madawala, A. P. Hu, and C. C.
Mi, “A misalignment-tolerant series-hybrid wireless EV charging system
with integrated magnetics,” IEEE Trans. Power Electron., vol. 34, no. 2,
pp- 1276-1285, Feb. 2019.

X. Qu, Y. Yao, D. Wang, S.-C. Wong, and C. K. Tse, “A family of
hybrid IPT topologies with near load-independent output and high tol-
erance to pad misalignment,” IEEE Trans. Power Electron., vol. 35, no. 7,
pp. 6867-6877, Jul. 2020.

Y. Liu, U. K. Madawala, R. Mai, and Z. He, ““An optimal multivariable con-
trol strategy for inductive power transfer systems to improve efficiency,”
IEEE Trans. Power Electron., vol. 35, no. 9, pp. 8998-9010, Sep. 2020.
E. Gati, G. Kampitsis, and S. Manias, “Variable frequency controller for
inductive power transfer in dynamic conditions,” in /EEE Trans. Power
Electron., vol. 32, no. 2, pp. 16841696, Feb. 2017.

R. Mai, B. Yang, Y. Chen, N. Yang, Z. He, and S. Gao, “A misalignment
tolerant IPT system with intermediate coils for constant-current output,”
IEEE Trans. Power Electron., vol. 34, no. 8, pp. 7151-7155, Aug. 2019.
S.-J. Huang, T.-S. Lee, Y.-M. Yang, and J.-Y. Chen, “Intermediate
coil-aided wireless charging via interactive power transmitting with
misalignment-tolerating considerations,” IEEE Trans. Ind. Electron.,
vol. 69, no. 10, pp. 9972-9983, Oct. 2022.

Yingjie Li received the B.E. degree in automation
from the Department of Automation, Shanxi Univer-
sity, Shanxi, China, in 2020. He is currently working
toward the Ph.D. degree in control science and engi-
neering with the College of Automation, Chongqing
University, Chongging, China.

His current research interests include wireless
power transfer and improving misalignment tolerance
of wireless power transfer system.

Zhiping Zuo received the B.E. degree in electrical
engineering from the College of Electrical and Elec-
tronic Engineering, Huazhong University of Science
and Technology, Wuhan, China, in 2012, and the
Ph.D. degree in electrical engineering from the Col-
lege of Electrical Engineering, Chongqing University,
Chongqing, China, in 2017.

He is currently an Associate Professor with the
College of Automation, Chongqing University. His
current research interests include fabrication of anti-
icing materials application on insulators and wireless
power transfer.

Fengwei Chen was born in Chongging, China. He
received the B.Eng. degree in automation and the
M.Eng. degree in control theory and control engi-
neering from Wuhan University, Wuhan, China, in
2009 and 2011, respectively, and the Ph.D. degree in
automatic control from the Université de Lorraine,
Nancy, France, in 2014.

From 2015 to 2016, he was a Lecturer with the
Dalian University of Technology, Dalian, China.
From 2017 to 2020, he was an Associate Researcher
with Wuhan University. Since 2021, he has been with


https://dx.doi.org/10.1109/JESTPE.2024.3471657

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 11, NOVEMBER 2025

Chunsen Tang received the B.S. and Ph.D. de-
grees in control theory and control engineering from
the College of Automation, Chongging University,
Chongqing, China, in 2004 and 2009, respectively.

In 2008, he joined the Department of Electrical
and Computer Engineering, The University of Auck-
land, Auckland, New Zealand, as a Research Fel-
low. In 2009, he joined the College of Automation,
Chongqing University, where he is currently a Pro-
fessor. His current research interests include nonlin-
ear modeling and analysis, intelligent control, and
wireless power transfer.

Jing Xiao was born in 1988. He received the master’s
degree in electrical engineering from Beijing Jiaotong
University, Beijing, China, in 2013.

He is currently with Southern Power Grid Corpora-
tion, Wireless Power Transmission Joint Laboratory,
Guangxi Power Grid Company Ltd., Nanning, China.
His research interests include wireless power trans-
mission technology.

Shaonan Chen received the B.S. and Ph.D. degrees
in electronic engineering from Guangxi University,
Nanning, China, in 2011 and 2016, respectively.

He is currently a Senior Power Grid Engineer with
the Electric Power Research Institute, Guangxi Power
Grid Company Ltd., Nanning. His major research in-
terests include power system operation and reliability.




<<
  /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 true
  /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 true
  /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


