
IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 9, SEPTEMBER 2024 11885

Enhancing Misalignment Tolerance in Hybrid
Wireless Power Transfer System With Integrated

Coupler via Frequency Tuning
Fengxian Wang , Qingxin Yang , Xian Zhang , Ting Chen , Member, IEEE, and Guangyao Li

Abstract—To enhance the misalignment tolerance and system
integration of the wireless power transfer (WPT) system, an in-
tegrated coupler consisting of capacitors and coils overlapped
coaxially is proposed in this article and integrated into the hybrid
WPT (HWPT) system without extra compensation components.
The system utilizes the complementary characteristics of different
transmission channels to realize the synergistic transfer of different
coupled powers under a wide coupling range. Based on the mu-
tual influence between capacitors and coils in terms of electrical
parameters in a limited axial projection area and the zero-phase-
angle condition considering the mutual capacitance obtained by
the fundamental harmonics approximation method, the method of
regulating the transfer ratio of the two types of coupled powers is
mastered. A method to realize the HWPT with high misalignment
tolerance characteristics by frequency tracking is proposed to solve
the problem of the system’s resonant state being disrupted when
the position of the integrated coupler is misaligned. The field-circuit
coupling model verifies the feasibility of the analysis and transfer
method. Finally, an experimental verification platform for 500 W
is built to achieve 82.7% power transfer in the WPT system with
40% unidirectional misalignment.

Index Terms—Constant current (CC), high misalignment
tolerance, hybrid wireless power transfer (HWPT), integrated
coupler, zero-phase-angle (ZPA).
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I. INTRODUCTION

W IRELESS power transfer (WPT) is an emerging technol-
ogy that employs spatial electromagnetic transformation

to achieve contactless power transfer [1], [2]. This technology
addresses the limitations of traditional contact-based power
transfer and has garnered increasing attention from researchers
and manufacturers due to its flexibility, convenience, and broad
applicability. Moreover, the WPT has been progressing towards
high-frequency and high-power applications [3]. Due to limi-
tations imposed by transfer power and system efficiency, the
large-scale implementations of the WPT technology primar-
ily rely on the near-field effect of the electromagnetic field
(EMF) [4].

According to the power transmission channels, WPT technol-
ogy utilizing the near-field effect of the EMF can be categorized
into two types: WPT technology with electric field coupling
and WPT technology with magnetic field coupling. Capacitive
power transfer (CPT) is a representative example of electric
field coupling WPT technology [5], [6], whereas inductive
power transfer (IPT) represents magnetic field coupling WPT
technology [7], [8], [9]. The two types of power transmission
channels possess distinct characteristics. For instance, the elec-
tric field coupling transmission channel enables power to be
transmitted through metal barriers without significant power
losses. However, its widespread adoption has been limited by its
constrained transfer distance. On the other hand, the magnetic
field coupling transmission channel exhibits a wide transfer
range within the near-field EMF environment. Nevertheless, it
introduces eddy current losses in the metal within the coupling
space, which poses a potential risk to the system’s safe operation.
Consequently, the two types of power transmission channels
possess unique attributes and complement each other [10], [11].

Researchers have increasingly employed multiple types of
power transmission channels to address the limitations of the
single coupling transmission channel. Lu et al. [12], [13] intro-
duced a novel coupler structure consisting of vertically arranged
long metal sheets. This arrangement transfers power simulta-
neously through the electric field and magnetic field coupling
transmission channels. However, this approach increases the
system’s cost, size, and weight. Luo et al. [14] analyzed the
contribution of the two types of transmission channels to power
transfer within the SS-type compensation topology. However,
this research used separated couplers, which made the system
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oversized. To mitigate the challenge, Luo et al. [15] proposed a
compact hybrid coupler. However, the research ignores the metal
materials’ disruption of the system’s constant output condition.
Besides, the above-mentioned research works all require extra
compensation components.

The extra compensation components lead to the complex-
ity of the actual circuit connections and cause system redun-
dancy. To solve this problem, topology integration research
is currently a prominent area of research in WPT technology.
Yuan et al. [16] proposed a WPT system based on a combined
dual-coupled LCC-S topology with a transmitter consisting of
two mutually decoupled transmitting coils. The design of this
structure ensures that the two mutual inductances between the
transmitter and receiver exhibit opposite trends in the case
of misalignment, thereby enhancing the system’s tolerance to
high misalignment. Similarly, Dai and Wang [17] introduced a
WPT system based on a hybrid topology. This system uses a
multilayer self-decoupled compact coil for noncontact power
transfer under dual-frequency conditions. The system uses the
simultaneous resonance of the fundamental and third harmonic
frequencies as a constraint, which effectively reduces the in-
verter requirements while improving the tolerance of lateral
misalignment. To achieve the integrated multiplexing of various
functions, the current research on topology integration of WPT
mainly concentrated on integrating coils with compensation
topologies. The above-mentioned research works still require
extra compensation capacitance.

As analyzed, the system integration (size, weight, and circuit
connection) needs to be improved in the hybrid WPT (HWPT)
system design to fully utilize the potential benefits of multiple
power transmission channels [18], [19], [20], [21]. The problem
can be solved by combining topology integration. Therefore,
this article proposes an HWPT system with a novel integrated
coupler consisting of a capacitor and a coil overlap in a coaxial
arrangement. It is noteworthy that the capacitor consists of
two aluminum metal plates placed vertically. The integrated
coupler utilizes the respective characteristics of the two types
of materials as the two types of power transmission channels. It
is integrated into the system, which has the distinctive merit that
no extra compensating components are required. It should be
noted that the integration method proposed in this article differs
from conventional topology integration, in which only coils are
integrated into the system. This article integrates both coils and
capacitors into the main circuit.

The proposed HWPT system has several advantages, which
are outlined as follows.

1) Enhancing misalignment tolerance: The system realizes
coupled power transfer by using the capacitor and the coil
as electric field and magnetic field coupling transmission
channels, respectively. The synergistic transfer of coupled
powers is realized under broad coupling range conditions
by leveraging the complementary characteristics of the
two types of power transmission channels.

2) Enhancing system integration: The coupler is integrated
into the system’s compensation topology without extra
compensation components. This integration facilitates the

Fig. 1. Main topology of the proposed HWPT system.

multiplexing of power transfer and circuit compensation
and improves the system’s overall performance.

3) Enhancing Electrical Shielding: Due to the aluminum
metal plates, the integrated coupler provides better elec-
trical shielding and minimizes the risk of EMF leakage.
Using lightweight aluminum metal plates reduces the
coupler’s overall weight compared with soft magnetic
materials.

The rest of this article is organized as follows. Section II
introduces the integrated coupler’s structure and analyzes the
influence of the geometric parameters on the inductance and
capacitance. In addition, it analyzes the HWPT system’s power
transfer principle and obtains the requirements for zero-phase-
angle (ZPA) input and load-independent constant current (CC)
output. Section III proposes a transfer method of the HWPT by
frequency tracking to address the challenge of system resonance
disruption caused by the integrated coupler’s misalignment and
analyzes the system’s misalignment characteristics. Section IV
offers experimental results to validate the effectiveness of the
proposed transfer method. Finally, Section V concludes this
article, summarizing the essential findings and contributions of
the research.

This article proposes a new HWPT method that compensates
for the decrease in electromagnetic power due to the positional
misalignment of the system under the single coupling form by
the synergistic transfer of the two types of coupled powers. The
experimental results show that the HWPT system is tolerant to
misalignment. The work in this article will inform the further
development of HWPT and perfect the HWPT technique in
terms of misalignment.

II. HWPT SYSTEM

A. Proposed HWPT System

In this article, the system architecture of the proposed HWPT
system is shown in Fig. 1. The main circuit is composed of the
dc power supply, high-frequency full-bridge inverter formed by
VT1−VT4, integrated coupler, rectifier, and the load resistance
RL. The novel integrated coupler integrated into the main circuit
consists of a capacitor and a coil overlap in a coaxial arrange-
ment. It is noteworthy that the capacitor is constructed with two
vertically oriented aluminum metal plates. P1 and P2 represent
the two aluminum metal plates constituting the capacitor in the
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Fig. 2. Structure and dimension of the integrated coupler. (a) Three-
dimensional view. (b) Misalignment in the x-direction and y-direction.
(c) Longitudinal section.

primary side integrated coupler. In comparison, P3 and P4 rep-
resent the two aluminum metal plates constituting the capacitor
in the secondary side integrated coupler. The aluminum metal
plates (P1–P4) with identical color markings on the same side
represent a single aluminum plate. In this case, the main circuit
has no extra compensation components. As shown in Fig. 1,
there is magnetic field coupling between the integrated couplers,
where M represents the mutual inductance.

The proposed HWPT system’s topology resembles the tra-
ditional SS-type topology used in the IPT system. The key
distinction lies in the coupling between the capacitors, which
enables electromagnetic power transfer from the primary to the
secondary side through the system’s electric field.

B. Integrated Coupler

The integrated coupler is crucial in transferring coupled power
through EMF. Fig. 2(a) shows the proposed integrated coupler
in which the capacitor and coil overlap in a coaxial arrangement.
To mitigate the eddy current effects caused by the coil on the
capacitor, which is constructed with aluminum metal plates,
the ferrite is introduced to separate the coil from the capacitor.
This structure minimizes the adverse impact of eddy currents
and enhances the coil’s quality factor. The integrated coupler’s
longitudinal section is shown in Fig. 2(c) to demonstrate the
integrated coupler structure visually. In the proposed integrated
coupler, the central portion consists of an aluminum metal plate,
a ferrite, and a coil when moving from the transfer space’s
outer area to the transfer space’s inner area. Meanwhile, the
outer portion consists of an aluminum metal plate and another
aluminum metal plate. The ferrite dimensions in x- and y-axis
match the coil. In Fig. 2(c), tm denotes the gap between the
metal plates, tp denotes the thickness of the metal plates, N
denotes the coil’s turn, and r denotes the coil’s wire radius.
The back aluminum metal plate’s length is denoted by the lb.
Meanwhile, dc denotes the coil’s inner diameter, wp denotes
the abdominal aluminum metal plate’s width, and d denotes the

Fig. 3. Circuit model of the capacitors.

distance between the integrated couplers. tf denotes the thickness
of the ferrite.

The circuit model of the capacitors is shown in Fig. 3.
According to Zhang et al. [22], the six-capacitor model can
effectively represent the distributed capacitance parameters of
the integrated couplers. In this model, Cij denotes the cou-
pling capacitance between the aluminum metal plates Pi and
Pj (i, j = 1, 2, 3, 4). The six-capacitor model can be further
reduced to a three-capacitor model for simplification and prac-
tical implementation. It is a typical two-port network equivalent
to the current source model. In this model, C1 and C2 denote
the self-capacitance, and CM denotes the mutual capacitance.
The self-capacitance and mutual capacitance can be expressed
as

⎧⎪⎪⎨
⎪⎪⎩
C1 = C12 +

(C13+C14)(C23+C24)
C13+C14+C23+C24

C2 = C34 +
(C13+C23)(C14+C24)
C13+C14+C23+C24

CM = C13C24−C14C23

C13+C14+C23+C24

. (1)

The distinctive feature of the proposed integrated coupler,
as compared to the conventional couplers, is that it consists of
not only the coils but also the compensation capacitors. In this
configuration, the coils and the compensation capacitors con-
tribute to the magnetic field coupling transmission channel and
the electric field coupling transmission channel, respectively.
The integrated coupler’s electrical characteristics are affected
by its structure. It is also affected by the mutual interactions
between the coil and the capacitor. Understanding and analyzing
these affecting laws are essential for the subsequent design of
the integrated coupler. The coil’s turn and the gap between the
metal plates are the adjustment objects to streamline the design
process.

Fig. 4 shows the influence of metal components on the inte-
grated coupler’s electrical parameters within a limited area. This
area is determined by the axial projection of the aluminum metal
plate and the coil. The integrated coupler’s dimensions are lb =
300 mm, r = 1 mm, dc = 20 mm, and d = 10 mm. The relative
position of the coil and the metal plate does not change with tm.
The coil is at the center of the integrated coupler, with the ferrite
close to the bigger metal plate (P1/P3). In this case, there is no
openings are required in the metal plates P1 and P3, and the gap
between the metal plates does not affect the position of the coil
and the ferrite. Table I shows the design values of the integrated
coupler. The abdominal aluminum metal plate’s width and the
coil’s turns meet lb = 2(dc + wp + 2rN). Therefore, when N is
adjusted, wp is changed.
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Fig. 4. Effect of metals on the electrical parameters of the integrated coupler.
(a) Inductance. (b) Capacitance.

TABLE I
SIMULATION PARAMETERS

The metal components affect the integrated coupler’s elec-
trical parameters, especially the inductance. In this case, the
integrated coupler’s inductance decreases due to the influ-
ence of the metal components, as shown in Fig. 4(a). For the
integrated coupler’s inductance, without metal means no metal
plate. The integrated coupler’s self-inductance and mutual in-
ductance increase as the coil’s turn increases. While metal
components may decrease the integrated coupler’s overall induc-
tance, the coil’s turn is the primary factor driving the integrated
coupler’s inductance variations. The ferrite separates the coils
from the metal plates P1 and P3. The influence of the metal plates
P1 and P3 on the integrated coupler’s inductance is suppressed.
Meanwhile, the position and size of the metal plates P2 and P4
do not change with the gap between capacitor plates, which does
not affect the integrated coupler’s inductance. Therefore, the gap

Fig. 5. Equivalent circuit of the proposed HWPT system under the fundamen-
tal component.

between capacitor plates does not affect the integrated coupler’s
inductance.

The coil’s turn and the gap between the metal plates affect the
integrated coupler’s capacitance, as shown in Fig. 4(b). For the
integrated coupler’s capacitance, without metal means no coil.
It should be noted that changing the coil’s turn with or without
metal conditions changes the plate’s width wp. Fig. 4(b) shows
that the integrated coupler’s capacitance varies with the coil’s
turn, due to the corresponding changes in the plate’s width. The
integrated coupler’s self-capacitance decreases as the coil’s turn
increases (the plate’s width decreases). This is caused by the
decreases in C12 and C34 due to the decreased effective positive
area between the same side aluminum metal plates. Instead,
the integrated coupler’s mutual capacitance increases as the
coil’s turn increases (the plate’s width decreases). This is caused
by the decreases in C14 and C23 due to the decreased effective
positive area between the opposite side aluminum metal plates.
The gap between the metal plates similarly affects the integrated
coupler’s capacitance as the coil’s turn (the plate’s width).
The integrated coupler’s self-capacitance decreases as the gap
between the metal plates increases. Instead, the integrated cou-
pler’s mutual capacitance increases as the gap between the metal
plates increases.

The impact of metal components on the integrated coupler
can be better understood by analyzing the integrated coupler’s
electrical parameters under different the coil’s turn and the gap
between the metal plates. It is essential to note that the integrated
coupler’s inductance is primarily affected by the coil’s turn,
and the integrated coupler’s capacitance is simultaneously de-
termined by the coil’s turns (plate’s width) and the gap between
the metal plates. The discussion in this section will provide the
basis for the subsequent analysis in Section III-B on the system’s
misalignment characteristics.

C. Circuit Working Principle

Fig. 5 shows the equivalent circuit of the proposed HWPT
system. The working principle of the proposed HWPT system
is analyzed using the fundamental harmonics approximation
method. In Fig. 5, UIN denotes the input voltage, Req denotes the
equivalent load, and M denotes the mutual inductance between
the coils. Meanwhile, CP = C1−CM, CS = C2−CM.
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The system can be modeled as⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

1
jωCP

IP + jωLPIIN + jωαMIOUT = UIN

1
jωCM

IM + 1
jωCS

IS = 1
jωCP

IP

jωLSIOUT + jωαMIIN +ReqIOUT = − 1
jωCS

IS

IP + IM = IIN

IOUT + IM = IS

(2)

where LP and LS denote the transmitting coil’s self-inductance
and the receiving coil’s self-inductance, respectively. α denotes
the connection of the coils, α = 1 when coils are connected in
phase, and α = −1 when coils are connected out of phase.

The system’s output current can be expressed as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Iout =
jX4UIN

1−X1−jX3RL

Xplate = ω2 [CM (CP + CS) + CPCS]

X1 = ω2 (X2 +X5Xplate − 2αMCM)

X2 = LP (CM + CP) + LS (CM + CS)

X3 = ω (LPXplate − CM − CS)

X4 = ω (αMXplate − CM)

X5 = M2 − LPLS

. (3)

To realize the system’s CC output, it is necessary to satisfy

X3 = 0 ⇒ LP =
CM + CS

Xplate
. (4)

Due to the symmetry topology, it assumed that{
LP = CM+CS

Xplate

LS = CM+CP

Xplate

. (5)

The system’s input current can be expressed as

IIN =
UINReqX

2
plate

X2
5

. (6)

The system’s input impedance can be expressed as

ZIN =
UIN

IIN
=

X2
5

ReqX2
plate

. (7)

At this point, Im(ZIN) = 0. The imaginary part of the sys-
tem’s input impedance is zero, and the system satisfies the ZPA
condition. Then, the system’s output current can be expressed
as

IOUT = − jUINXplate

X5
. (8)

At this point, the output current is independent of the equiv-
alent load. The system is made to satisfy the ZPA input and CC
output in (5).

The current flowing through the mutual capacitance can be
expressed as

IM =
ωCM

[
ωCSReqXplate + jω2CPX5

]
UIN

X2
5

. (9)

The coupled power transmitted through the HWPT system’s
magnetic field can be expressed as

PM = Re [jωMIIN(−IOUT)
∗]

=
ωαMX3

plate

(ωαMXplate − ωCM)3
U2

INReq. (10)

The coupled power transmitted through the HWPT system’s
electric field can be expressed as

PE = Re {[UIN − jω (LPIIN +MIOUT)] I
∗
M}

= − ωCMX2
plate

(ωαMXplate − ωCM)3
U2

INReq. (11)

The ratio between the two types of coupled powers can be
expressed as

β =
PE

PM
= − CM

αXplateM
. (12)

When the coils are connected in phase (α = 1), β < 0 means
that the coupled power transmitted through the electric field
and the coupled power transmitted through the magnetic field
are transmitted in opposite directions. In other words, PM is
transferred from the primary side to the secondary side, while
PE is transferred from the secondary side to the primary side.
On the other hand, when the coils are connected out of phase
(α = −1), β > 0 means that the coupled power transmitted
through the electric field and the coupled power transmitted
through the magnetic field are transmitted in the same directions.
The coils’ connection is essential to leverage the integrated cou-
pler for effective power transfer. The choice of coils’ connection
mode is discussed in Section III-B.

III. COUPLED POWER TRANSFER METHOD

A. Tracking Frequency

From the discussion in Section II-C, it is evident that (5) must
be satisfied to ensure the optimal resonance state of the HWPT
system. However, according to the discussion in Section II-B,
the integrated coupler’s electrical parameters can change when
the position of the integrated coupler is misaligned. As a
result, the resonance state is disrupted. This article proposes
a transfer method to realize the HWPT with high misalignment
tolerance characteristics by frequency tracking in such cases.
This transfer method compensates for the change in the inte-
grated coupler’s electrical parameters owing to misalignment
by adjusting the system’s working frequency. It allows the
special equation previously described to hold for any state of
misalignment.

To simplify the analysis, it is assumed that the secondary
side coupler is symmetrical with the primary side coupler and
satisfies LP = LS = Lcoil and C1 = C2 = Cplate. To express
the level of coupling of EMFs, define the electric field coupling
coefficient kE = CM/Cplate and magnetic field coupling coef-
ficient kM = M/Lcoil. From (5), the working frequency in any
state of misalignment needs to satisfy

ωr =
1√

(1− k2E)CplateLcoil

. (13)

At this point, the HWPT system is ensured to be resonant
under any coupling condition at best. Bringing (13) into (10) and
(11), the coupled power transmitted through the HWPT system’s
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magnetic field under tracking ωr can be expressed as

PM−ωr
= −αCplatekM

(
1− k2E

)
Lcoil(kE − αkM)3

U2
INReq. (14)

The coupled power transmitted through the HWPT system’s
electric field under tracking ωr can be expressed as

PE−ωr
=

kECplate

(
1− k2E

)
Lcoil(kE − αkM)3

U2
INReq. (15)

The ratio of the two types of coupled powers transmitted by
the system under tracking ωr can be expressed as

βωr
= − kE

αkM
. (16)

According to (16), the power ratio is related to the system’s
coupling coefficient. Therefore, a reasonable design of the inte-
grated coupler’s structure can adjust the power ratio. Meanwhile,
the power ratio fluctuates when the position of the integrated
coupler is misaligned due to the system’s coupling coefficient
fluctuation.

The system’s output power can be expressed as

PHPT−ωr
= PM−ωr

+ PE−ωr
=

Cplate(1−k2
E)

Lcoil(kE−αkM)2
U2

INReq.

(17)
Assume that the system’s reference working frequency is ωi

when the position of the integrated coupler is misaligned. The
self-inductance and self-capacitance of the integrated coupler
can be expressed in (5) as{

Lcoil =
1

ω2
iCplate(1−k2

E)
(a)

Cplate = 1

ω2
iLcoil(1−k2

E)
(b)

. (18)

Equation (18) is an equivalent expression of the integrated
coupler’s electrical parameters when the system satisfies both
the resonance condition and the optimum working frequency.

Equation (19a)–(19f), shown at the bottom of this page, is
obtained by substituting (18a) into (17), which represents the
HWPT system’s output power concerning the self-capacitance.
Equation (19b) is obtained by substituting (18b) into (17),
which represents the HWPT system’s output power concerning
the self-inductance. When both the IPT and CPT systems use
SS-type compensation topology, the working frequency is con-
sistent with the reference working frequency ωi of the HWPT
system.

LIPT denotes the coil self-inductance of the IPT system with
symmetrical couplers on both sides, and CCPT denotes the
metal plate self-capacitance of the CPT system with symmetrical
couplers on both sides. Equation (19c) represents the output
power of the IPT system under constant voltage source excitation

when LIPT = Lcoil. Equation (19d) represents the output power
of the CPT system under constant voltage source excitation when
CCPT =Cplate. kH denotes the HWPT system’s hybrid coupling
coefficient. kEs and kMs denote the coupling coefficient of the
single-type coupler (only coils or capacitors).

According to the discussion in Section II-B, the electric
field coupling coefficient kE between the integrated coupler’s
aluminum metal plates and the electric field coupling coefficient
kEs between the aluminum metal plates of the same size (without
the influence of the coils) satisfy (19e) due to the interaction
between the coils and the capacitors. Similarly, the magnetic
field coupling coefficient kM between the integrated coupler’s
coils and the magnetic field coupling coefficient kMs between
the identical-size coils (without the influence of the aluminum
metal plate) satisfies (19e).

From (19c) and (19d), it is evident that the output power of
the CPT system and the output power of the IPT system are
related to the coupling coefficient. When the position of the
integrated coupler is misaligned, the output power will fluctuate
due to the fluctuation of the coupling coefficient. Smoothing the
coupling coefficient’s variation curve with the system position
can improve the system’s tolerance to position misalignment.

Comparing (19a) with (19c), it is evident that to ensure the
output characteristics of the HWPT system are better than the
IPT system, the hybrid coupling coefficient can be optimized so
that its rate of change is lower than that of the kMs. Similarly, a
comparison of (19b) and (19d) shows that optimizing the hybrid
coupling coefficient so that its rate of change is lower than
that of the kEs can ensure that the output characteristics of the
HWPT system outperform the CPT system. The transmission
characteristics of the HWPT system are influenced by kH =
kE−αkM. If kH>kM or kE, the WPT system with better output
characteristics can be obtained.

B. Transmission Efficiency

This section analyzes the effect of parasitic resistance on
transmission efficiency (ac–ac). The power losses of the inte-
grated coupler of the HWPT system consist of the coil losses
and the capacitor losses. RLP and RLS denote the resistance
of the primary coil and the resistance of the secondary coil,
respectively. GCP and GCS denote the conductance of the pri-
mary capacitor and the conductance of the secondary capacitor,
respectively. The transmission efficiency can be expressed as

η =
POUT

POUT + I2INRLP + I2OUTRLS + U2
CPGCP + U2

CSGCS

(20)

⎧⎨
⎩
PHPT−L = 1

ω2
iL

2
coil(kE−αkM)2

U2
INReq = 1

ω2
i L

2
coilk

2
H
U2

INReq (a)

PHPT−C =
ω2

iC
2
plate(1−k2

E)
2

(kE−αkM)2
U2

INReq ≈ ω2
i C

2
plate

k2
H

U2
INReq (b)

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

PIPT = 1
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where UCP and UCS denote the primary capacitor’s terminal
voltage and the secondary capacitor’s terminal voltage, respec-
tively.

Assuming that the coupler is symmetric, RLP = RLS = Rcoil,
and GCP = GCS = Gplate. Substituting POUT = PE + PM =
(1 + β) PM into (20), the transmission efficiency can be further
expressed as

η =
(1 + β)

(1 + β) + 1
kMQL

(
1
GI

+GI

)
+ β

kEQC

(
1

GU
+GU

)

=
1

1 + 1
kMQLξI(1+β) +

β
kEQCξU(1+β)

(21)

where QL = ωLcoil/Rcoil denotes the coils’ quality factor.
QC = ωCplate/Gplate denotes the capacitors’ quality factor. GI

= IIN/IOUT and GU = UCS/UCP. ξI = GI/(1 + G2 I) and ξU =
GU/(1 + G2 U).

Substituting (16) into (21), the system transmission efficiency
under tracking ωr can be expressed as

ηHWPT =
1

1 + 1
kHQCξU

− 1
αkHQLξI

. (22)

According to (22), the transmission efficiency is affected by
the coils’ quality factor, the capacitors’ quality factor, and the
two types of coupling coefficients.

Comparing the transmission efficiency of the HWPT system
proposed in this article with that of the single coupling WPT sys-
tem. Assuming β = 0, the IPT system’s transmission efficiency
can be expressed as

ηIPT =
1

1 + 1
kMsQLsξI

. (23)

Similarly, assuming β = �, the CPT system’s transmission
efficiency can be expressed as

ηCPT =
1

1 + 1
kEsQCsξU

. (24)

To ensure the transmission efficiency of the HWPT system
proposed in this article with that of the single coupling WPT
system, the following inequality needs to satisfy{

1
kHQCξU

− 1
αkHQLξI

< 1
kMsQLsξI

1
kHQCξU

− 1
αkHQLξI

< 1
kEsQCsξU

(25)

where QLs and QCs denote the quality factor of the single-type
coupler (only coils or capacitors), kEs and kMs denote the
coupling coefficient of the single-type coupler (only coils or
capacitors).

The introduction of the metal plates causes a decrease in the
coil’s quality factor due to the eddy current effect, QL > QLs.
Meanwhile, the capacitor’s quality factor is considered indepen-
dent of the coil due to the capacitor’s metal-spanning capability,
QC ≈ QCs. To satisfy inequality (25), it needs to be ensured
that the hybrid coupling coefficient is sufficiently optimal to
counteract the decrease in the HWPT system’s transmission
efficiency due to the decrease in the coil’s quality factor.

Fig. 6. Variations of coupling coefficient and normalized coupling coefficient
with position.

The integrated coupler structure needs to be designed ra-
tionally to realize the sizable hybrid coupling coefficient and
sizable coil quality factor. This article uses the integrated coupler
in which the metal plates and coils overlap in a coaxial arrange-
ment. The area of the metal plates (P2 and P4) close to the coil
is limited. The metal plates with the bigger area (P1 and P3) are
far away from the coil, and the ferrite binds the magnetic field
generated by the coil. Therefore, the coil’s quality factor under
the influence of the metal plates is still sizable. Meanwhile, the
hybrid coupling coefficient of the HWPT system is better than
the coupling coefficient of the single coupling WPT system,
as shown in the discussion in Section III-A. In summary, the
rational design of the integrated coupler is the key to ensuring
the HWPT system has high transmission efficiency.

C. System Misalignment Characteristics

The proposed HWPT system based on the integrated coupler
realizes the synergistic transfer of two types of coupled powers.
In this section, the field-circuit coupling model analyzes the
transfer system’s misalignment characteristics. Select N = 30,
tm = 2 mm as the integrated coupler’s structure, and the ratio
of the two types of coupled powers β = 0.04. The integrated
coupler’s self-inductance and self-capacitance are 139 μH and
344 pF, respectively. When the position of the integrated coupler
is not misaligned, the integrated coupler’s mutual inductance
and mutual capacitance are 115 μH and 9.93 pF, respectively.
As shown in Fig. 2. (b), dx and dy denote the misalignment of
the coupler in the x-direction and y-direction, respectively.

Fig. 6 shows the coupling coefficient and normalized coupling
coefficient of the three types of WPT systems under different
positional misalignments. Using the min-max normalization
method to compare different types of coupling coefficients,
which satisfies Xnorm = (X-Xmin)/(Xmax-Xmin), where X (|kE| ||
|kM| || |kE±kM|) denotes different types of absolute coupling
coefficients data, Xmin and Xmax denote the minimum and
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maximum values of all the data in the dataset, respectively,
and Xnorm denotes the normalized data. The magnetic field
coupling coefficient and the electric field coupling coefficient
decrease when the integrated coupler undergoes displacement.
Remarkably, when the position of the integrated coupler is
misaligned by 70 mm, the magnetic field coupling coefficient
increases slightly, owing to the capacitor’s reverse compensation
effect. As discussed in Section I regarding the characteristics
of the two types of power transmission channels, the rate of
decrease in the electric field coupling coefficient is lower than
the rate of decrease in the magnetic field coupling coefficient
when the position of the integrated coupler is misaligned. In
the proposed HWPT system, the hybrid coupling coefficient
is a mutual compensation between the magnetic field coupling
coefficient and the electric field coupling coefficient. The coils’
connection influences the hybrid coupling coefficient, especially
within the range of positional misalignment from 40 to 80 mm.
When the coils are connected out of phase, the rate of decrease in
the hybrid coupling coefficient is between the rate of decrease in
the magnetic field coupling coefficient and the electric field cou-
pling coefficient. From (19), it is evident that the reduction of the
rate of decrease in the coupling coefficient enhances the system’s
tolerance to misalignment. As a result of the above-mentioned
discussion, the out-of-phase is chosen in this article as the coils’
connection. The coupled power transfer through a magnetic field
is higher than that through an electric field because the electric
field coupling strength is lower than the magnetic field coupling
strength. It should be noted that the introduction of the coupled
power transfer through the electric field in this article is not to
replace the coupled power transfer through the magnetic field
completely but rather to compensate for the decrease of the
coupled power transfer through the magnetic field due to the
positional misalignment.

According to the discussion in Section II-B, it is evident
that the integrated coupler’s inductance and capacitance will
fluctuate as the system undergoes displacement, as shown in
Fig. 7. This fluctuation will cause the system’s resonant state to
be disrupted. However, the prerequisite for the proposed HWPT
system to realize the synergistic transfer of two types of coupled
powers is that the system is resonant. To solve this problem,
this article proposes a coupled power transfer method based on
tracking frequency in Section III-C, which adjusts the system’s
working frequency to satisfy (13). According to the coupled
power transfer method proposed in this article, the system’s
working frequency varies with the positional misalignment to
ensure that the system remains in the optimal resonance state, as
shown in Fig. 7. For the integrated coupler’s dimensions chosen
in this article, the optimum working frequency follows a convex
function trend (increasing and then decreasing).

The main difference between this article and the existing
work is the attention to the problem that the resonant state of
the HWPT system is disrupted due to parameters drifting. The
system’s working frequency is actively adjusted to ensure the
optimal operating state of the system at any misalignment posi-
tion. By achieving maximized synergistic transfer of two types
of coupled powers, the misalignment tolerance and integrated

Fig. 7. Coupled power transfer method based on tracking frequency.

Fig. 8. EMF distribution around the couplers of different types of WPT
systems in the aligned and misalignment states. (a) Electric field (HWPT-not
misalignment). (b) Electric field (CPT-not misalignment). (c) Electric field
(HWPT-misalignment 120 mm). (d) Electric field (CPT-misalignment 120 mm).
(e) Magnetic flux (HWPT-not misalignment). (f) Magnetic flux (IPT-not mis-
alignment). (g) Magnetic flux (HWPT-misalignment 120 mm). (h) Magnetic
flux (IPT-misalignment 120 mm).

output characteristics of the WPT system are enhanced in the
case of coupling misalignment.

Fig. 8 shows the EMF distribution around the couplers of
different types of WPT systems in the aligned and misalignment
states. The HWPT’s integrated coupler is sized as in the setup
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of Figs. 6 and 7. The CPT’s coupler consists of vertically placed
metal plates with the length of 300 mm, separated by the gap
of 2 mm. The IPT’s coupler consists of a 1 mm wire radius coil
with 70 turns and 10 mm inner diameter. The coil is covered
with a ferrite on the backside, and the x- and y-axis dimensions
of the ferrite match the coil.

Fig. 8(a), (c), (e), and (g) shows the EMF distribution around
the HWPT’s integrated coupler. From Fig. 8(a) and (e), most of
the aligned case’s electric field and magnetic flux are effectively
confined within the HWPT’s integrated coupler. Specifically, the
electric field distribution is similar in both cases compared to the
CPT’s coupler [see Fig. 8(b)]. Compared to the IPT’s coupler
[see Fig. 8(f)], the electromagnetic safety of the integrated
coupler is improved due to the electric shielding effect of the
aluminum metal plates. When the integrated coupler undergoes
positional misalignment, the electric field and magnetic flux
increase in the unaligned area, as shown in Fig. 8(c) and (g).
This is the primary reason for the deterioration of the output
characteristics of the system. The electric field distribution of
the integrated coupler in the misalignment state is similar to that
of the CPT’s coupler [see Fig. 8(d)]. Meanwhile, compared to
the IPT’s coupler [see Fig. 8(h)], the electromagnetic safety of
the integrated coupler in the misalignment state is improved due
to the reduced level of electromagnetic exposure.

Through the integrated coupler and the coupled power transfer
method based on frequency tracking proposed in this article,
the HWPT system can realize the synergistic transfer of two
types of coupled powers under any position misalignment. The
simulation results demonstrate that the proposed coupled power
transfer method can ensure the system is in the optimal resonant
state, even in position misalignment. Meanwhile, the proposed
integrated coupler enhances the electromagnetic safety of the
system compared with the single-type coupler.

IV. EXPERIMENT

A. Experimental Platform

An experimental platform is built to validate the proposed
HWPT system, shown in Fig. 9. Table II compares the design
values (consistent with Section III-C) with the measured values.
The experimental platform’s input power is 500 W. The coils are
made of 220-strand Litz wire. The diameter of Litz wire strands
is 0.13 mm. Considering that the skin depth of copper is 65.2μm
at 1 MHz, there is no significant increase in ac resistance due to
the skin effect. The transmitting and receiving coil resistances
are 1.13 Ω and 1.02 Ω, respectively. The magnetic shielding is
TDK PC95 type ferrite with 2 mm thickness. The thickness of
the metal plates is 2 mm.

The integrated coupler proposed in this article consists of
the coil and the capacitor, which needs extra attention for the
insulation of the coupler. The ferrite is used to widen the distance
between the coil and the metal plate, while the part of the metal
plate close to the coil is coated with high-voltage insulating tape
to avoid the breakdown between the coil and the metal plate.
To avoid breakdowns between the plates, the distance between
the plates is widened using the insulating shims. The air is a

Fig. 9. Experimental platform of the HWPT system. (a) Experimental plat-
form. (b) Longitudinal section. (c) Integrated coupler.

TABLE II
EXPERIMENTAL PARAMETERS

great insulating medium. The breakdown voltage of dry air is
3.0 kV/mm, and tm is 2 mm, so there is no concern with arcing.

Fig. 10 shows the change in the integrated coupler’s induc-
tance and capacitance when the position of the integrated coupler
is misaligned. Both mutual inductance and mutual capacitance
decrease, which is the main reason for the decrease in the
system efficiency of the single coupling system. To overcome
this problem, this article improves the power transfer capability
of the system in the misaligned state by introducing two types
of coupled powers. Compared with the IPT system, the essence
proposed in this article is the introduction of mutual capacitance
to compensate for the excess leakage flux in the misaligned
state. Compared with the CPT system, the essence of the system
proposed in this article is the introduction of mutual inductance
to enhance the coupling coefficient of the EMF. In addition, as
shown in Fig. 10, it is evident that the actual measured values are
in close agreement with the simulation results of Section III-C.
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Fig. 10. Comparison of simulation and measurement results. (a) Inductance.
(b) Capacitance.

Fig. 11. Experimental waveforms of the inverter and load. (a) no misalign-
ment. (b) dx = 120 mm.

Fig. 11(a) shows the voltage and current waveforms of the
system when the position of the integrated coupler is not mis-
aligned and the system satisfies the near-ZPA input. The system’s
received power is 438 W, and the system efficiency from ac to ac
is 88.5%. The coupled power transmitted through the magnetic
field is calculated in (10) as 422 W, and the coupled power
transmitted through the electric field is calculated in (11) as

Fig. 12. Measured load current, power, and efficiency under different loads.

Fig. 13. Measured working frequency, efficiency, and power ratio under
unidirectional misalignment.

16 W. Fig. 11(b) shows the system’s voltage and current wave-
forms when the integrated coupler’s position is unidirectional
misaligned 120 mm. The system’s working frequency is changed
from 728 to 1188 kHz. By adjusting the working frequency,
the system resonance is restored, and the system satisfies the
near-ZPA input. The system’s received power is 413 W. The
system efficiency from ac to ac is 84.2%. The coupled power
transmitted through the magnetic field and the electric field is
403 W and 10 W, respectively. The HWPT system can realize
the synergistic transfer of the two types of coupled powers.

B. Experimental Validation of the CC

Fig. 12 shows the variation of the load current, system effi-
ciency (dc–dc), and transfer power with dc load. The load current
is independent of the dc load, and its value remains around 4.3 A.
It indicates that the HWPT system proposed in this article has
the CC output characteristics. The system efficiency is not less
than 85% when the dc load is 40–60 Ω. When RL = 50 Ω, the
system’s input power is 607 W, the system efficiency is 86.2%,
and the system loss power is 84 W.

C. Experimental Validation of the Misalignment Tolerance

Fig. 13 shows the variations of working frequency, system
efficiency (dc to dc), and the ratio of two types of coupled powers
when the position of the integrated coupler is unidirectionally
misaligned. The HWPT system achieves the resonance state
(near ZPA input) at any position misalignment through the cou-
pled power transfer method based on frequency tracking. When
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Fig. 14. Measured output power and the two types of coupled powers unidi-
rectional misalignment.

the displacement of the integrated coupler is less than 120 mm,
the system efficiency from dc to dc remains relatively high at
over 80% and reaches up to 95.7% (dx = 90 mm). Simultane-
ously, the ratio of two types of coupled powers exhibits an initial
increase, followed by a decrease, and then another increase.
When the displacement of the integrated coupler is 60 mm, this
ratio reaches its first peak (0.11). This ratio rises rapidly when the
displacement of the integrated coupler exceeds 120 mm, and the
rate of the rise is larger than when the displacement is less than
60 mm. The coupler’s maximum unidirectional misalignment
distance is defined as the unidirectional misalignment distance
when the system efficiency is at least 80%. The HWPT system
proposed in this article has a higher unidirectional misalign-
ment tolerance and its maximum unidirectional misalignment
distance is 120 mm.

Fig. 14 shows the variations of the output power and the two
types of coupled powers when the position of the integrated
coupler is unidirectionally misaligned. The coupled power trans-
mitted through the electric field (PE) increases when dx<60 mm.
Especially when dx = 60 mm, PE reaches a maximum value of
47.4 W. When 0<dx<60 mm, the HWPT system’s unidirec-
tional misalignment tolerance is enhanced due to the introduc-
tion of PE. The PE decreases when dx>60 mm. However, the
HWPT system’s output power (POUT) is still stable for 60 mm<
dx<120 mm. This is due to increased coupled power transmitted
through the magnetic field (PM). The output characteristics
of the HWPT system are similar to that of the IPT system
with SS-type compensation topology when kE enters the weak
coupling region. The magnetic field coupled power increases
within a certain range when kM enters the weak coupling range,
and the system efficiency of IPT decreases. However, the system
efficiency of the HWPT system proposed in this article has
increased, mainly due to the introduction of PE, which is still
considerable. Due to the complementary effects of PM and PE

within the range of unidirectional misalignment from 40 to
120 mm, the HWPT system achieves stable power output.

The integrated coupler proposed in this article is not strictly
axisymmetric. To analyze the complete misalignment charac-
teristics of the HWPT system proposed in this article, the
output characteristics of the HWPT system are analyzed under
diagonal misalignment. ddia denotes the diagonal misalignment
and satisfies ddia = dx = dy. Fig. 15 shows the variations
of working frequency, system efficiency (dc to dc), and the

Fig. 15. Measured working frequency, efficiency, and power ratio under
diagonal misalignment.

Fig. 16. Measured output power and the two types of coupled powers diago-
nally misalignment.

ratio of two types of coupled powers when the position of
the integrated coupler is diagonally misaligned. Similar to the
system characteristics under unidirectional misalignment, the
system efficiency (dc to dc) remains high at over 80% when
the diagonal displacement of the integrated coupler is less than
110 mm. However, the overall system efficiency declines with
the diagonal misalignment. Meanwhile, the ratio of two types
of coupled powers shows an increasing, decreasing, increasing,
decreasing, increasing trend. When the diagonal displacement
of the integrated coupler is 30 mm, this ratio reaches its first
peak (0.065). This ratio rises rapidly when the diagonal dis-
placement of the integrated coupler exceeds 130 mm. The output
characteristics of the HWPT system proposed in this article
do not meet the expectations when the coupler is diagonally
misaligned. Although the system remains at a high level of
transmission efficiency, the transmission efficiency continues to
decline through the diagonal misalignment process.

Fig. 16 shows the variations of the output power and the
two types of coupled powers when the position of the inte-
grated coupler is diagonally misaligned. Similar to the system
characteristics under unidirectional misalignment, the coupled
power transmitted through the electric field (PE) increases when
ddia<30 mm. Especially when ddia = 30 mm, PE reaches a
maximum value of 26.7 W. When 0<ddia<30 mm, the HWPT
system’s misalignment tolerance is enhanced due to the intro-
duction of PE. The PE decreases when ddia>30 mm. The overall
output power (POUT) of the HWPT system decreases with the
diagonal misalignment due to the introduction of the PE is
not considerable. At this point, POUT is approximately equal
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Fig. 17. Experimental results of efficiency in the hybrid system and single
coupling system.

to PM. Unlike the system characteristics under unidirectional
misalignment, it should be noted that the magnetic field coupled
power of the HWPT system does not increase when kE enters the
weak coupling region. It is due to the increase of the coil losses
when the diagonal misalignment is affected by the integrated
coupler’s structure. According to Figs. 15 and 16, the diagonal
misalignment tolerance of the HWPT system proposed in this
article does not meet the expectations. The main reason for
this phenomenon is the integrated coupler’s structure. When
the coupler is diagonally misaligned, the system’s coil losses
increase, but the electric field coupled power provided by the
metal plates is not considerable.

Based on the discussion in this part, the HWPT system pro-
posed in this article has strong unidirectional misalignment tol-
erance, but its diagonal misalignment tolerance could be better.
Based on the analyses of the system misalignment characteristics
and transmission efficiency in Sections II-B and C, further
optimization of the integrated coupler’s structure is required to
achieve a higher degree of freedom of misalignment tolerance.

D. Comparison of HWPT With Single IPT and CPT System

According to the discussion in Section II-B, the system’s
initial resonance state is disrupted by changes in the integrated
coupler’s electrical parameters when the position of the inte-
grated coupler is misaligned. To realize the HWPT with high
misalignment tolerance characteristics, Section III-A proposes
a transfer method to compensate for the change in the integrated
coupler’s electrical parameters owing to misalignment by adjust-
ing the system’s working frequency. To validate the proposed
HWPT system’s misalignment tolerance, it is compared with
the IPT system and the CPT system under the same conditions.
These conditions include coupler size, transmission distance
and misalignment. Fig. 17 shows the variation of the system
efficiencies of the three different types of transfer systems when
the position of the coupler is unidirectionally misaligned. It
should be noted that the above-mentioned efficiencies are all
transmission efficiencies from the dc source to the rectifier (dc–
dc), and they are obtained by measuring the active power flowing
into the load and the active power flowing into the system from
the dc source by using the oscilloscope and calculating the ratios.
Comparing the output characteristics of three types of WPT
systems using the couplers of the same size and all with 10 mm
transmission distance. The IPT’s coupler and the CPT’s coupler
have the same size as those shown in Fig. 8 in Section III-C. To

Fig. 18. Estimated power losses distribution of the experimental system.
(a) No misalignment. (b) dx = 120 mm.

ensure the validity of the comparison experiment, the IPT system
and the CPT system are fully compensated at any positional
misalignment by adjusting the system working frequency.

With the displacement of the coupler, the system efficiency
decreases for both the IPT and the CPT systems. Within the
range of unidirectional misalignment from 40 to 110 mm, the
HWPT system’s efficiency exceeds that of the IPT system and
the CPT system. The HWPT system exhibits strong tolerance to
unidirectional misalignment through the synergistic transfer of
the two types of coupled powers. The maximum unidirectional
misalignment distance for the proposed HWPT system and IPT
system under the same conditions are both 120 mm. When
40<dx<110 mm, the system efficiency of the proposed HWPT
system is better than that of the IPT system under the same
conditions. The maximum unidirectional misalignment distance
for the CPT system and the proposed HWPT system under the
same conditions are 50 mm and 120 mm, respectively. Compared
with the CPT system, the unidirectional misalignment tolerance
of the proposed HWPT system is improved by 140%.

E. Loss Analysis

Fig. 18(a) and (b) shows the distribution of the system losses
among the circuit components when the position of the inte-
grated coupler is not misaligned and dx = 120 mm, respectively.
The data for the analysis are based on experimental measurement
and calculation. The system power losses come from switching
devices’ switching transitions, diodes’ conduction, and the in-
tegrated coupler’s losses. Specifically, most of the power losses
are dissipated in the integrated coupler due to its low-quality
factor. In addition to the ac losses in the coil, the magnetic field
generated by the coil produces additional eddy current losses
in the aluminum metal plate. The integrated coupler’s hybrid
coupling coefficient and quality factor will be improved in future
designs to widen the coupled power transmission channel.

This article proposes an integrated coupler consisting of a
coil and a capacitor (metal plate) to realize the synergistic
transfer of the two types of coupled power. The metal plate
can be viewed as a foreign object, increasing the losses for the
coil. The additional losses increase with system unidirectional
misalignment since part of the metal plates moves into the
center of the coil. The losses of the primary coil increase under
unidirectional misalignment, as shown in Fig. 14. However, the
proposed HWPT system’s efficiency increases with the unidi-
rectional misalignment because the metal plate intervening in
the coils’ magnetic field not only increases the system losses
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TABLE III
COMPARISON OF RECENT SYSTEMS ON THIS TOPIC

but also acts the carrier to transfer the electric field coupled
power. The two types of effects have opposite contributions to
the system efficiency. Whether the unidirectional misalignment
characteristics of the HWPT system proposed in this article
are improved or worsened is the result of the game of the
two types of effects. Simulation and experimental results show
that the coupler, which introduces metal plates, improves the
unidirectional misalignment characteristics of the WPT system.
The reasons for this are analyzed as follows.

1) The area of the metal plates (P2&P4) close to the coil is
limited, so the generating additional losses are limited.
The metal plates with the bigger area (P1&P3) are far
away from the coil, and the ferrite binds the magnetic field
generated by the coil, so additional losses are also limited.

2) The metal plate can serve as the carrier of the electric
field coupling transmission channel and compensate for
the decrease in the coupled power transmitted through the
magnetic field due to unidirectional misalignment.

For the abovementioned reasons, the increase of system losses
by the introduction of the metal plate is limited; the increased
system losses from the introduction of the metal plate are limited,
but the electric field coupled power it provides is considerable.
So, the output characteristics of the WPT system are improved
(unidirectional misalignment tolerance is enhanced).

F. Comparison and Discussion

To highlight the superiority of the HWPT system proposed in
this article, a comprehensive comparison of it with other HWPT
systems is presented in Table III. Meanwhile, define dx/lb as the
system’s unidirectional misalignment ratio. The HWPT system
proposed in this article can achieve 82.7% system efficiency
from dc to dc at 40% unidirectional misalignment.

The maximum unidirectional misalignment ratio is the ratio of
the integrated coupler’s maximum displacement to the coupler’s
length. In particular, the coupler’s length is defined as the sum of
the lengths of the coil and the metal plate in some HWPT systems
where the coupler is separated. Upon reviewing the table, the
HWPT system proposed in this article has high integration and
unidirectional misalignment tolerance. The proposed system

integrates all the compensation components into the coupler
compared with the coupler in [12], [13], and [14], reducing the
system size. Compared with [12], [13], [14], [15], [19], and [21],
the proposed system achieves no compensation components in
the main circuit by relying on the integrated coupler, which
enhances the integration of the system. The proposed transfer
method provides better dc–dc efficiency compared with [13],
[15], [19], [20], and [21]. Moreover, in addition to [15], the
proposed system offers relatively better unidirectional misalign-
ment tolerance CC output than the existing HWPT systems.

The major differences between the HWPT system proposed
in this article and the existing work are as follows.

1) It is a self-resonant system in the whole sense, and there
is no additional compensation component.

2) Attention is paid to the problem of resonance point drift
during unidirectional misalignment, and frequency track-
ing ensures that the system is in the best state.

The work in this article will inform the further development
of HWPT and perfect the HWPT technique in terms of unidi-
rectional misalignment.

V. CONCLUSION

This article proposes a new HWPT system with a novel
integrated coupler based on tracking frequency. The coupler is
integrated into the system’s main circuit to realize no extra com-
pensation components. Through the synergistic transfer of two
types of coupled powers with complementary characteristics,
the system has a higher unidirectional misalignment tolerance
than the conventional single coupling system. The following
conclusions are obtained.

For the proposed integrated coupler, the capacitor and coil
overlap in a coaxial arrangement, and its electrical parameters
are influenced by the spatial structure of the two types of
materials under the limited axial projection area. According to
the proposed power transfer method for the HWPT system, the
resonance state is maintained by frequency tracking, and the
system realizes the synergistic transfer of the coupled power
transmitted through the magnetic field and the coupled power
transmitted through the electric field. Due to the complementary
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output of the two types of coupled powers, the proposed HWPT
system has a higher unidirectional misalignment tolerance. A
500-W HWPT experimental platform is built to validate the
transfer method’s effectiveness and achieve 82.7% system ef-
ficiency from dc to dc at 40% unidirectional misalignment.
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