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Optimal Design of a Hybrid Wireless Power Transfer
System With High Voltage Gain and High Efficiency

Ting Chen , Member, IEEE, Yuqiao Wang , Fengxian Wang , Xian Zhang , Xuan Zhao, Guangyao Li ,
and Zhihui Ma

Abstract—This article presents a novel hybrid wireless power
transfer system that achieves both high voltage gain and high
efficiency through an integrated dual-mode power transfer mech-
anism. The proposed system employs a compact hybrid coupler
composed of two pairs of decoupled bipolar coils at the center
and two pairs of decoupled transmitter–receiver capacitive plates
surrounding the coils. This unique configuration establishes two
independent electric-field power transfer channels and two in-
dependent magnetic-field channels, effectively suppressing cross-
coupling between adjacent channels and enabling simultaneous
multichannel power transmission. To regulate power distribution
between the inductive and capacitive paths, an S-SP compensation
network is adopted, featuring asymmetrical external capacitors
on the primary and secondary sides. This compensation strategy
facilitates constant voltage output while enhancing voltage gain
and overall system efficiency. Comprehensive theoretical analysis
is conducted to investigate the influence of coupler geometry and
compensation parameters on system gain. A two-channel exper-
imental prototype is developed to validate the proposed system
architecture. Experimental results demonstrate a 140% gain range
extension, with a maximum dc–dc efficiency of 86%.

Index Terms—Constant voltage outputs, high voltage gain,
hybrid wireless power transfer, integrated coupler.
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I. INTRODUCTION

W IRELESS power transfer (WPT) is an emerging tech-
nology that achieves contactless power delivery through

spatial electromagnetic conversion [1], [2]. It has been gaining
popularity in applications ranging from consumer electronics to
electric vehicles and biomedical implants due to its advantages
of high security, high reliability, and high flexibility [3], [4],
[5]. According to the power transfer channel, WPT technologies
can be categorized into three types: 1) electric-field coupling, 2)
magnetic-field coupling, and 3) highly integrated hybrid wire-
less power transfer (HWPT) systems [6], [7], [8], [9]. Among
these, HWPT systems have emerged as a research focus due
to their comprehensive potential for output optimization and
enhanced degrees of freedom. Wang et al. [10] introduced an
electric field transmission channel into an inductive power trans-
fer (IPT) system to compensate for performance degradation
under misalignment, thereby enhancing system robustness. In
[11], a HWPT system was proposed in which the compensation
inductors of the CPT network formed an additional inductive
path, enabling more efficient component utilization. Li et al.
[12] proposed a modeling method for hybrid resonators based
on dual single-layer PCB structures. In related work, Li et al. [13]
proposed a novel comb-shaped coupler structure that achieves
compact integration of inductive and capacitive coupling paths,
effectively improving space utilization. These studies demon-
strate the diverse design goals pursued in HWPT research and
highlight the potential of hybrid systems for integration.

As research continues to advance, application scenarios have
expanded from specific domains to more diverse and com-
plex environments. Different devices and contexts often require
widely varying input voltage levels. As a result, wide-range
voltage gain has evolved to a core performance metric that
determines the interoperability and practical viability of WPT
systems [14], [15]. One critical factor in enabling wide voltage
gain tuning is overcoming the inherent limitations imposed by
coil parameters [16]. To address this, various strategies have
been developed to extend the achievable voltage gain range. One
approach is to employ high-order compensation networks [17],
[18]. In conventional series- or parallel-compensated networks,
voltage gain is highly dependent on the coupling coefficient,
making wide-range adjustment difficult. In contrast, high-order
networks address this issue by introducing additional resonant
components (e.g., multiple LC stages in series or parallel),
thereby improving gain tuning flexibility and enhancing system
efficiency [19], [20]. However, the inclusion of extra inductive
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components in high-order compensation networks inevitably in-
creases system volume, cost, and power loss. Another approach
is the multichannel cooperative mechanism. Lu et al. [21] and Li
et al. [22] developed a single-transmitter multireceiver system
based on a cascaded topology, that effectively increased the
equivalent turns ratio to achieve a wider voltage range. Liang
et al. [23] further proposed a multichannel magnetic coupling
system with an input-series output-series (ISOS) structure. By
accounting for interchannel coupling effects and introducing a
parameter design method to coordinate energy transfer among
channels, thus improving the system’s voltage regulation capa-
bility [23]. Beyond multichannel magnetic coupling approaches,
HWPT architectures have also been explored as an alternative
means to achieve wide-range gain tuning. Xu et al. [24] pro-
posed a gain variation model for HWPT systems and provided
theoretical analysis and comparison of gain characteristics for
standalone CPT and IPT, preliminarily demonstrating the ad-
vantage of hybrid systems in voltage gain control.

In summary, although extensive research has been conducted
on circuit topologies and compensation strategies, the potential
of hybrid coupling systems in achieving a wide gain range has
not yet been systematically investigated. This article designs a
novel hybrid coupler to simultaneously suppress cross-coupling
effects of electric and magnetic fields and optimize the spatial
layout of coupling coils and metal plates. A gain optimiza-
tion strategy based on the electric field transmission channel
is proposed, in which the roles of the primary and secondary
capacitors are decoupled, enabling flexible voltage regulation
and supporting high-voltage output. Building upon this founda-
tion, a dual-channel HWPT system is constructed, where each
channel integrates an IPT and a CPT channel. By adjusting the
electric field transmission path and optimizing the parameters α
and β, where α denotes the wiring factor and β represents the
power transfer ratio, the system achieves flexible voltage gain
regulation, providing a new solution for WPT systems requiring
wide-range voltage gain. Compared with previous studies. in
this work, α and β are explicitly formulated as optimization
variables to represent system power behavior, rather than being
merely used as modeling parameters [25], [26].

The rest of this article is organized as follows. Section II
presents and describes the proposed system, detailing the decou-
pling methods for the coupler. Section III analyzes the compen-
sation network and compares it with a single system. Section IV
establishes an experimental prototype to prove the validity of the
proposed modular HWPT system. Finally, Section V concludes
this article. The main contributions of this article are as follows:

1) A novel hybrid coupler is designed to simultaneously sup-
press cross-coupling effects between electric and magnetic
fields while optimizing the spatial arrangement of cou-
pling coils and metal plates. Based on this, an optimization
method for the hybrid coupler is proposed by introducing
the transmission power ratioβ as a design variable, thereby
enhancing wide-range voltage gain performance.

2) A dual-channel HWPT system is proposed, in which two
decoupled inductive and capacitive transmission paths op-
erate cooperatively. Compared with conventional single-
channel systems, the proposed architecture significantly

Fig. 1. Proposed circuit of the HWPT system with dual transmitter and dual
receiver.

Fig. 2. Structure and dimensions of the coupler. (a) Three-dimensional view.
(b) Top view. (c) Longitudinal section view.

improves the capability of achieving wide-range voltage
gain.

3) A compensation network design strategy based on the
electric field transmission path is introduced, wherein the
functional roles of the primary and secondary external
capacitors are decoupled. This enables flexible gain regu-
lation and provides a new solution for efficient wide-range
voltage gain control.

II. SYSTEM STRUCTURE AND WORKING PRINCIPLE

A. System Structure

This article proposes a dual-channel cascaded HWPT system
based on the multistage voltage boosting technique, as shown
in Fig. 1. The system features an input-parallel output-series SP
compensation networks. A dc voltage source V1 supplies high-
frequency ac power through a full-bridge inverter. The energy
is transferred through the coupler and compensation circuit, and
subsequently rectified by a full-bridge diode rectifier to deliver
dc power to the load resistor RL.

To enhance power transmission capability, the entire coupler
is divided into two decoupled channels. Cex1,1, Cex2,1 and
Cex1,2, Cex2,2, are the compensation capacitances. The induc-
tances Lp,1 and Lp,2 represent the compensation inductance
at the secondary side, while Lt,1, Lr,1, Lt,2, and Lr,2 are the
self-inductances of the coupling coils. Mutual inductance is
represented by αM1 and αM2, where α is a variable indicating
the connection configuration of the coupling coils. When α= 1,
the coils are connected in series with the coupling plates at the
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Fig. 3. Coils structure.

same polarity ends. When α= –1, the opposite polarity ends of
the coils are connected in series with the coupling plates.

The coupling coils and plates act as power channels, with
the coils transmitting magnetic field energy and the coupling
plates transmitting electric field energy. In this configuration,
the coupling inductance and plate capacitance function as com-
plementary compensation components, jointly contributing to
power transfer through mutual compensation.

The total series output voltage of the two-channel system Uout

satisfies

Uout =
2
√
2

π
(Uo,1 + Uo,2) (1)

where Uo,1 and Uo,2 are the average ac output voltages of
channel 1 and channel 2, respectively.

B. Proposed Magnetic-electric Coupler

Fig. 2 shows the three-dimensional model of the proposed
hybrid coupler, which comprises two pairs of decoupled bipo-
lar coils at the center and two decoupled transmitter-receiver
plate pairs surrounding them. To reduce eddy current losses,
the capacitive plates are placed away from regions of concen-
trated magnetic flux. This spatial separation suppresses electric–
magnetic field interference and preserves the independent res-
onance of each channel. This configuration establishes two
independent electric-field coupling channels and two indepen-
dent magnetic-field coupling channels, enabling coordinated
utilization of both coupling paths and resulting in significant
enhancement of voltage gain and overall transmission perfor-
mance. Decoupling characteristic is the key to achieving effi-
cient multichannel power transfer, as it eliminates interchannel
interference and enhances system efficiency and output stability.
The detailed decoupling principles and working mechanisms are
depicted as follows.

Fig. 3 shows the decoupling principle of inductive coils. To
eliminate coupling between adjacent coils, two sets of orthog-
onal DD coils along different directions are employed in the
inductive coupling region. The symmetrical geometry ensures
flux cancellation, making the mutual inductance between ad-
jacent coils negligible and forming two orthogonal, decoupled
magnetic coupling channels.

From the circuit perspective, the full-capacitor model is too
complicated and inconvenient for analysis. To facilitate the
analysis of electric field decoupling among multiple plates, an
equivalent induced source model is adopted. In the capacitive
coupling region, the coupling capacitance between any two
capacitive plates Pi and Pj among the eight plates is defined as Cij

(i,j= 12, …,78). According to the general capacitance model for

Fig. 4. Plates structure.

multiport electric field coupling structures, the voltage-current
relationships among the eight plates can be described by a matrix
equation as follows:⎡
⎢⎢⎣
I12

I34

I56

I78

⎤
⎥⎥⎦ =

⎡
⎢⎢⎢⎣

1
jωC

−1
p12,sum −jωCM12,34 −jωCM12,56 −jωCM12,78

−jωCM12,34
1
jωC

−1
p34,sum −jωCM34,56 −jωCM34,78

−jωCM12,56 −jωCM34,56
1
jωC

−1
s56,sum −jωCM56,78

−jωCM12,78 −jωCM34,78 −jωCM56,78
1
jωC

−1
s78,sum

⎤
⎥⎥⎥⎦

⎡
⎢⎢⎣
V 12

V 34

V 56

V 78

⎤
⎥⎥⎦ (2)

where V12, V34, V56, and V78 are the port voltages, while
I12, I34, I56, and I78 denote the corresponding port currents.
The total capacitance between plates i and j (i, j = 1, 2, …,
8) is defined as Cpij,sum, which represents the sum of the
self-capacitances of all two-port networks on the transmission
side between plates i and j. The mutual capacitance between
plates i, j, and plates m, n (m, n = 1, 2, …, 7, 8) is defined as
CMij,mn.

As shown in Fig. 2, geometric symmetry ensures that the
distances between plates P1 and P3 and between P1 and P4 are
equal. Similarly, the distance for plates P2 to P3 and P4 are
equal, leading to C13 = C14 and C23 = C24. According to the
multiport mutual capacitance computation method described in
[13], it can be derived that CM12,34 = 0, achieving decoupling of
adjacent plates on the same side. Similarly, since the distances
from P1 and P2 to P7 and P8 are equal, it follows that CM12,78= 0
indicating decoupling between adjacent plates on opposite sides.
By symmetry, the mutual capacitances CM34,56 and CM56,78

are zero. As shown in Fig. 4, the matrix equation in (2) of the
capacitive plates can be simplified as[

I12

I56

]
=

[
1
jωC

−1
p12,sum −jωCM12,56

−jωCM12,56
1
jωC

−1
s56,sum

] [
V 12

V 56

]
[
I34

I78

]
=

[
1
jωC

−1
p34,sum −jωC−1

M34,78

−jωC−1
M34,78

1
jωC

−1
s78,sum

] [
V 34

V 78

]
. (3)
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TABLE I
SIMULATION PARAMETERS

Therefore, in the four-port network formed by the eight plates,
plates P1, P2, P5, and P6 constitute one independent electric field
coupling power transfer channel, while plates P3, P4, P7, and P8

form another.

C. Coupler Parameter Analysis

To quantitatively analyze the parametric effects of the dual-
channel coupler, finite element simulations were conducted. In
this coupler, both the magnetic field generated by the coils
and the electric field generated by the plates exhibit central
symmetry. Consequently, the length and width dimensions have
the same influence on the electrical parameters of the coupler.

In this section, the Coil’s length l1 is analyzed as a variable
to facilitate comparative analysis of the electrical parameter
variations with respect to both coupling mechanisms. As shown
in Table I, the coupler’s length l is set to 300 mm. Given
this constraint, the geometric dimensions of the inductive coils
and capacitive plates are interrelated, directly affecting electri-
cal parameters. In Fig. 5, the single hybrid magnetic-electric
configuration represents one hybrid magnetic-electric coupler,
while the dual-channel configuration consists of two such cou-
plers achieving the same-sided magnetic-electric decoupling.
As shown in Fig. 5(a), reducing the overlapping area of the
capacitive plates leads to a decrease in both self-capacitance
and mutual capacitance. In the dual-channel system, the mutual
capacitance between adjacent channels is nearly zero due to
the symmetrical layout. This spatial separation causes most
electric field lines to terminate within each individual channel,
resulting in negligible field overlap between different chan-
nels. However, the presence of adjacent plates introduces ad-
ditional electric field interactions. Specifically, these nearby
plates induce edge-related surface charges due to fringing fields,
effectively forming parasitic paths that do not contribute to
cross-channel coupling. These parasitic interactions increase the
effective self-capacitance of each plate, as they enhance the
distributed capacitance to surrounding conductors or ground.
Simultaneously, they intercept a portion of the original coupling
field between the transmitter and receiver plates, thereby further
reducing the mutual capacitance. This redistribution of electric
field lines weakens the intended capacitive coupling. However,
when external capacitance is introduced, the degradation in
capacitive coupling can be neglected, and both configurations
exhibit nearly identical coupling performance.

As shown in Fig. 5(b), both self- and mutual inductance
increase with the expansion of the magnetic coupling area due
to enhanced magnetic flux. The addition of the dual-channel
configuration introduces negligible influence on inductance,

Fig. 5. Effect of geometric dimensions on the electrical parameters of the
coupler. (a) Capacitance. (b) Inductance.

(a) (b)

Fig. 6. Capacitive coupler models. (a) ICS model. (b) IVS model.

suggesting that the spatial decoupling effectively minimizes
interchannel magnetic interference and maintains the magnetic
integrity of each channel. These results validate the structural
feasibility of the dual-channel design. Building upon this foun-
dation, the following section develops a system-level model to
quantitatively evaluate the transmission characteristics of the
proposed configuration.

III. SYSTEM ANALYSIS

A. Impedance Network Analysis

Typically, coupled inductors are equivalently modeled using
an induced voltage source (IVS), while capacitive couplers are
represented by a controlled current source (ICS), as shown in
Fig. 6(a). For analytical consistency, the capacitive coupler is
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Fig. 7. Equivalent single-channel circuit model of the proposed HWPT sys-
tem.

converted to an IVS model in Fig. 6(b), enabling a unified
modeling framework and simplifying subsequent analysis.

Since the couplers and compensation networks of the two
hybrid energy transfer channels are identical, the analysis is
performed using the equivalent circuit of a single hybrid energy
transfer channel. Take Channel i as an example. Ct,i and Cr,i are
the self-capacitances of the transmitter and receiver sides. Cm,i

is the mutual capacitance. These parameters satisfy (4) shown
at the bottom of this page, where i = 12 denotes the channel 1
and channel 2, respectively.

Fig. 7 shows the equivalent circuit of a single-channel com-
pensation circuit. In this circuit, Req,i = 8RL,i /π2 is the equiva-
lent resistance at the rectifier terminals. For simplicity, parasitic
resistances in the compensation circuit are neglected due to their
small values. Reactance X0,i and X1,i serve as compensation
components for the system’s reactive power. X1,i and -X1,i func-
tion as virtual compensation components to achieve constant
voltage output. The resonance condition satisfies⎧⎨

⎩
X1,i =

1
ωCr,i

− ωLr,i

X0,i =
1

ω2Ct,i
−
(
ωMtiri +

α
ωCm,i

)2
1

X1,i
− ωLt,i

(5)

where ω represents the operational angular frequency of the
system. It can be observed that X1,i is only related to the self-
inductance and self-capacitance on the receiving side. Under this
resonance condition, Iin,i can be derived as

I in,i =
X2

1,i

(ωMtiri + α
/
ωCm,i)

2Req,i

U in,i. (6)

The gain Gi for achieving load-independent constant voltage
(CV) output satisfies

Gi =
Uo,i

U in,i
= − X1,i

ωMtiri + α/ωCm,i
. (7)

Fig. 8. Variation of σ with X1,i when the component is an inductor or a
capacitor.

From (7), it can be seen that the system gain is relevant to the
factor α, the mutual inductance Mtiri, the mutual capacitance
Cm,i, and the reactance X1,i. It should be noted that X1,i can
be either an inductance or a capacitance, as determined by
the compensation condition described in (5). A parameter σ
= GHWPT/GIPT is introduced to quantify the voltage gain
enhancement achieved by the HWPT system relative to a con-
ventional IPT system, serving as an indicator of the system’s
voltage boosting ability.

Fig. 8 illustrates the variation of σ and X1,i for differ-
ent compensation components under both inductive and ca-
pacitive implementations. When X1,i < 0, there exists X1,i

> −ωLr,i, resulting in σ being limited by the compensa-
tion inductance. In contrast, inductive compensation allows
broader gain adjustment and is, therefore, adopted in this
work. Furthermore, the forward coil connection (α = 1) of-
fers a wider gain range compared to the reverse configuration
(α = −1).

While inductive compensation enhances voltage gain, it also
affects system efficiency. In high-gain scenarios, the input resis-
tance Rin is inversely proportional to the square of the voltage
gain Gi. As a result, high gain leads to significantly low input
resistance and increased input current, which in turn amplifies
conduction losses—especially those associated with the series
inductor. These losses, primarily dissipated as heat, become
more pronounced as the gain increases. Thus, minimizing the
parasitic resistance of the series inductor is essential for main-
taining high efficiency.

To address this issue, a parametric resonance compensation
scheme is proposed using external capacitors Cex1,i and Cex2,i.
According to (5) and (7), once the coupler parameters are fixed,
the target gain Gi in the S-SP topology can be determined.
Meanwhile, Cex1,i is designed to achieve a zero phase angle.

⎧⎪⎪⎪⎨
⎪⎪⎪⎩
Ct,i =

(Cp(2i−1)2i,sum+Cex1,i)(Cs(2i+3)(2i+4),sum+Cex2,i)−C2
M(2i−1)2i,(2i+3)(2i+4)

Cs(2i+3)(2i+4),sum+Cex2,i

Cr,i =
(Cp(2i−1)2i,sum+Cex1,i)(Cs(2i+3)(2i+4),sum+Cex2,i)−C2

M(2i−1)2i,(2i+3)(2i+4)

Cp(2i−1)2i,sum+Cex1,i

Cm,i =
(Cp(2i−1)2i,sum+Cex1,i)(Cs(2i+3)(2i+4),sum+Cex2,i)−C2

M(2i−1)2i,(2i+3)(2i+4)

C
M(2i−1)2i,(2i+3)(2i+4)

(4)
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Fig. 9. Effects of external capacitors on system gain and compensation
impedance.

Fig. 10. Capacitive couplings in an eight-plate capacitive coupler considering
the parasitic resistances.

Fig. 9 illustrates the relationship between system gain and the
impedance X0,i after decoupling the external capacitors Cex1,i

and Cex2,i. When Cex1,i is varied while holding Cex2,i = 120 pF,
the impedance X0,i changes significantly, whereas the system
gain remains nearly constant. Conversely, when Cex1,i is set
to 485 pF, adjusting Cex2,i modulates the system gain without
affecting X0,i. This behavior clearly demonstrates a functional
decoupling: Cex1,i primarily controls the impedance X0,i in the
range of 400–500 pF, while Cex2,i governs gain tuning within
100–200 pF. This separation not only enhances system tunability
but also facilitates compact integration of the compensation
and coupling structures, with broad applicability across various
hybrid WPT configurations.

B. Transmission Power Analysis

To investigate the impact of parasitic resistances on system
performance, this section constructs a detailed equivalent circuit
model consisting of eight capacitive plates. As shown in Fig. 10,
in the proposed circuit model, the coupling between any two
capacitive plates is represented by a parallel connection of a
coupling capacitor and a parasitic resistor, thereby forming
a composite admittance network composed of 28 admittance

Fig. 11. Equivalent circuit of hybrid system with parasitic resistance.

elements. Considering the relatively weak electric field coupling
in air at a frequency of 1 MHz, it is assumed that all coupling
paths share a uniform quality factor Q. This allows for an indirect
assessment of the contribution of parasitic resistance to system
losses [27], and the resulting admittance elements are denoted
as Ymn (m,n = 12, …,8)

Ymn = ωCmn

(
j +

1

Q

)
, (m,n = 1, 2, · · · , 8) . (8)

This full admittance model can be converted into a multiport
network. The eight plates are grouped into four ports: P1-P2
form port a, P3-P4 form port b, P5-P6 form port c, and P7-P8
form port d. The voltage-current relationships among the eight
plates can be described using matrix equations [28], [29]⎡

⎢⎢⎣
Ia
Ib
Ic
Id

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣

Ya −Yab −Yac −Yad

−Yba Yb −Ybc −Ybd

−Yca −Ycb Yc −Ycd

−Yda −Ydb −Ydc Yd

⎤
⎥⎥⎦ ·

⎡
⎢⎢⎣
Va

Vb

Vc

Vd

⎤
⎥⎥⎦ . (9)

The terms Ya, Yb, Yc, and Yd represent the self-admittances
of the four ports, while Yab, Yba, Yac, Yca, Yad, Yda, Ybc, Ycb,
Ybd, Ydb, Ycd, and Ydc represent the mutual admittances between
pairs of ports. From (8), (9) can be derived as

I = Y ·V ⇒ I = ωC ·
(
j +

1

Q

)
V = jωC ·V +R ·V.

(10)
I and V represent the column vectors of port currents and

voltages, respectively; Y and C denote the four-port admittance
and capacitance matrices, while R correspond to the four-port
resistance matrices. Equation (10) indicates that the equivalent
circuit of the proposed coupler can be regarded as the super-
position of capacitances and parasitic resistances, which can be
calculated independently without requiring all the admittance
parameters.

As shown in Fig. 11, rLt,i and rLr,i denote the parasitic
resistances of the transmitting and receiving coils, respectively.
rCt,i and rCr,i represent the equivalent parasitic resistances of
the capacitive coupler on the transmitting and receiving sides,
including the parasitic resistances of external capacitors, plates,
and the equivalent resistance from eddy current losses.

The inductive power PM and capacitive power PC can be
expressed as

PM = Re (jωαMtiriIr,i · (−It,i)
∗) (11)
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Fig. 12. Impact of magnetic coupling coefficient and power ratio on the system
gain.

PC = Re

(
−Ir,i × (−It,i)

∗

jωCm,i

)
. (12)

Based on (11) and (12), the power ratio β between the electric
field power and magnetic field power can be defined as

β =
PC

PM
=

1

−ω2Cm,iαMtiri
. (13)

From (13), it is evident that β is related to the equivalent
parameters of the coupler, ω, and α. In the case of a positive
connection,β is negative, and the system’s transmission power is
the difference between the magnetic field power and the electric
field power of the transmission channel. Thus, by changing
the area ratio of the magnetic field and electric field coupling
mechanisms, β can be adjusted, which in turn adjusts the voltage
gain Gi

Gi =
α

kE,i(1 + β)
+

β

kM,i(1 + β)
(14)

where kE,i = Cr,i/ Cm,i, kM,i = M / Lr,i. Fig. 12 presents
the system gain analysis concerning the magnetic coupling
coefficient kM,i and the power ratio β. As β increases, the gain
rises progressively with an accelerating growth rate. For β <
20%, the gain exhibits slight improvement with increasing kM,i,
indicating limited sensitivity in low-gain regions. However, for
β > 20%, corresponding to high-gain scenarios, the influence
of kM,i on gain becomes negligible. It should be noted that
(14) decomposes the contributions of magnetic and electric field
coupling to the overall gain. Magnetic coupling enables energy
transfer via mutual inductance between coils, while electric
coupling operates through capacitive interaction between plates.
At low power ratios, the contribution from electric coupling is
minimal, and magnetic coupling dominates the gain. As the
power ratio increases, electric field coupling becomes more
significant and gradually emerges as the primary contributor to
gain enhancement.

Since the coupler is symmetric, rLt,i = rLr,i, and rCt,i = rCr,i.
The transmission efficiency ηall can be further expressed as

ηall =
I2

out,iReq,i

1 + I2
in,i(rLt,i + rCt,i) + I2

r,i(rLr,i + rCr,i)

Fig. 13. Impact of magnetic coupling coefficients and power ratio on the
system efficiency.

=
1

1 +G2
i

QL,i+k2
M,i(1+β)2Q3

L,i

(QLr,i−QL,i)β2 +G2
i

QC,i+k2
E,i(1+β)2Q3

C,i

QCr,i−QC,i

(15)

where QLr,i represents the quality factor of the receiver coil,
QL,i represents the quality factor of the receiving end, QCr,i

represents the quality factor of the receiver capacitor, and QC,i

denotes the quality factor of the receiving end and are defined
as

QLr,i =
ωLr,i

rLr,i
QL,i =

ωLr,i

rLr,i +Req,i

QCr,i =
1

ωCr,irCr,i
QC,i =

1

ωCr,i(rCr,i +Req,i)
. (16)

To ensure that the transmission efficiency of the proposed
HWPT system is higher than that of the conventional IPT system,
the following inequality (17) must be satisfied:

G2
i

QL,i + k2M,i(1 + β)2Q3
L,i

(QLr,i −QL,i)β2
+G2

i

QC,i + k2E,i(1 + β)2Q3
C,i

QCr,i −QC,i

< G2
IPT

QL
2
(
1 + 1

/
k2IPT

)
QLr(QLr −QL)

2 . (17)

As shown in Fig. 13, the system efficiency initially increases
and then decreases with the increasing power ratio β, exhibit-
ing only slight variation overall. A peak efficiency point is
observed, beyond which, when β > 50%, efficiency drops.
This decline is attributed to the opposing power transmission
directions between the magnetic and electric field coupling chan-
nels, resulting in reduced net power transfer. System efficiency
also improves with increasing magnetic coupling coefficient,
showing a more pronounced variation, consistent with general
trends in WPT system design. When both the magnetic coupling
coefficient and power ratio vary simultaneously, an optimal
region for maximizing efficiency is identified within the range
β�(20%, 50%). In this range, higher magnetic coupling and
optimal power ratios collectively enhance system performance.

C. Comparison of HWPT With IPT System

To evaluate the transmission efficiency of the proposed HWPT
system, a conventional IPT system as a benchmark. In the IPT
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Fig. 14. Comparison of the proposed HWPT system to the IPT system.

Fig. 15. Design process of the proposed system.

system, the receiving end adopts an SP compensation topology,
consisting of a series capacitor Cr and a parallel inductor Lp.
The corresponding voltage gain is expressed by

GIPT =
Lp

M
=

1

kIPT
− 1

ω2MCr
. (18)

It can be seen that the gain is inversely proportional to the
coupling coefficient, so it is challenging for the system to achieve
both high voltage gain and efficient power transfer. The IPT
system efficiency can be obtained, as shown in

ηIPT =
1

1 +G2
IPT

QL
2(1+1/k2

IPT)
QLr(QLr−QL)2

. (19)

Similarly, the output gain of the HWPT system can be derived
as

GHWPT = − Lp,i

Mtiri

(
1− 1

1 + β

)
. (20)

Fig. 14 illustrates the variation in transmission efficiency
with normalized voltage gain for both IPT and HWPT systems
employing SP compensation. As shown in Fig. 15, transmission

efficiency initially increases with gain but declines beyond a cer-
tain threshold. Despite this decline, the HWPT system sustains
significantly higher efficiency under high-gain conditions com-
pared to the IPT counterpart. Furthermore, efficiency improves
with increasing load resistance, reinforcing the dependence of
high-gain performance on input impedance. Notably, the pro-
posed system maintains efficiency above 85% while achieving
high voltage gain, demonstrating its ability to deliver both high
gain and high energy transfer efficiency simultaneously. The pro-
posed dual-channel HWPT system, based on magneto-electric
hybrid coupling, exhibits notable performance advantages.

In summary, the proposed HWPT system introduces a CPT
subsystem with reverse power transfer to adjust the power
ratio β between electric and magnetic transmission channels,
thereby expanding the voltage gain tuning range. This innovative
design addresses the inherent tradeoff between efficiency and
voltage gain observed in standalone IPT systems, achieving
high-gain output while maintain high efficiency. Notably, the
voltage gain enhancement is equivalent to cascading a gain
factor 1-1/(1+β) on the output side, amplifying system per-
formance through multiplicative interaction rather than linear
superposition.

D. Parameter Design and Simulation

In this section, the HWPT system design method is discussed.
According to (10), a low operating frequency leads to a signif-
icant decrease in the proportion of power transmitted through
electric-field and the magnetic-field coupling channels, which
in turn complicates the design of the compensation network
parameters and hindering efficiency optimization. On the other
hand, a high operating frequency increases of the contribution
of capacitive power transfer. However, it also exacerbates skin
effect in conductors, particularly in the compensation network
and interconnecting elements, which increases parasitic resis-
tance and conduction losses. This effect becomes especially
pronounced in the capacitive plates and consequently reducing
system efficiency. Considering these tradeoffs and prior HWPT
research, the operating frequency of the proposed system is set
at 1 MHz to balance efficiency and design complexity.

The optimization process of the hybrid coupler is shown in
Fig. 15. To achieve a HWPT system with both high voltage gain
and high efficiency, this section introduces two optimization
parameters, η and σ, as indicators for evaluating system effi-
ciency and gain. These optimization parameters are applied to
the design of the integrated magnetic-electric coupler. First, the
system’s operating frequency, input voltage, and load resistance
are determined based on the specific application scenario. The
coupling mechanism’s size l and transmission distance D are
defined accordingly. By establishing a finite element simulation
model of the hybrid coupler, CM, M, Lt, and Lr under different
area ratios are obtained. Based on (2), (5), and (6), the compensa-
tion network parameters and external capacitors Cex1 and Cex2

are determined. Subsequently, the system efficiency and voltage
enhancement capability σ are calculated using (14) and (18).
Power ratio and efficiency are then computed based on (13) and
(15). Finally, the Coil’s length l1 is adjusted iteratively, recording
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Fig. 16. Power ratio, efficiency, and output voltage factor σ versus plate size.

the optimal system parameters that satisfy the conditions η ≥
85% and σ > 1.

Fig. 16 illustrates the impact of increasing the coil edge length
l1 from 100 mm to 220 mm on the power ratio coefficient
β, system efficiency, and coupling coefficient σ. The power
ratio coefficient β decreases monotonically from 26% to 7.2%,
indicating a gradual reduction in the power transfer capability
of the capacitive coupling channel. This decline is primarily
attributed to the substantial decrease in equivalent coupling
capacitance as the plate area is reduced. Notably, at a coil size
of 120 mm, the power transfer performance improves by 1.4
compared to the baseline GIPT.

E. Voltage Stress Analysis of the Capacitive Plates

To evaluate the voltage stress on the capacitive plates of
the proposed HWPT system, a comprehensive analysis was
conducted through theoretical modeling, circuit-level simula-
tion, and finite element analysis. Under the resonance condition
adopted in this work, the currents It,1 and Ir,1 can be expressed
as {

It,i =
Uin·G2

i

Req,i

Ir,i =
Uin·Gi

Req,i‖jωLp,i
.

(21)

The same-side inter-plate (SIP) voltages USIP across the
capacitive plates are obtained as

V (2i−1)2i = U in − jωLt,iIt,i + jωMtiriIr,i

V (2i+3)(2i+4) = jωMtiriIt,i + jωLr,iIr,i +U inGi. (22)

By substituting (21) into (22), V(2i-1)2i and V(2i+3)(2i+4) can
be rewritten as

V (2i−1)2i = U in

(
1 +

ωMtiri

A

)

+ j ·U in

(
ωMtiriGi

Req,i
− ωLt,iG

2
i

Req,i

)

V (2i+3)(2i+4) = U in

(
Gi +

ωLr,i

A

)

+ j ·U in

(
ωMtiriG

2
i

Req,i
+

ωLr,iGi

Req,i

)
(23)

Fig. 17. SIP voltage with different input voltages.

Fig. 18. Electric field distribution of the coupler.

where A is defined as

A = ωMtiri − 1

ωCm,i
. (24)

Equation (23) reveals the quantitative relationship between
the port voltage in the capacitive path and key system parameters.
Specifically, the plate voltage exhibits a linear dependence on
the input voltage. The SIP voltages of the capacitive plates under
different input voltages are shown in Fig. 17. The results indicate
that the SIP voltage remains below 1 kV when the input voltage
varies between 10 V and 40 V, thereby ensuring safe operation
within the defined insulation limits.

To further evaluate the safety margin from the perspective
of spatial field distribution, a finite element static electric field
model was developed for full-domain analysis of the capacitive
plates. As illustrated in Fig. 18, the electric field is uniformly
distributed in the central region of the plates, while localized
field concentration occurs near the edges. According to IEEE
standards, the human exposure safety limit for electric fields
at 1 MHz is 614 V/m. In the maximum excitation scenario,
the contour associated with this standard lies approximately
16 cm away from the outer edge of the plate, further confirming
the compliance of the proposed system with exposure safety
requirements. In the proposed HWPT topology, electric-field-
based power transfer contributes only about 20% of the total
transferred power, with the majority handled by magnetic field
coupling. Consequently, the voltage stress imposed on the ca-
pacitive plates remains relatively low. At standard temperature
and pressure, the breakdown electric field strength of air is
approximately 3 kV/mm. Considering additional risk factors
such as edge field concentration, surface contamination, and
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Fig. 19. Experimental prototype of the HWPT system.

TABLE II
SYSTEM PROTOTYPE CIRCUIT PARAMETERS

electrode oxidation, a safety margin of three to five times the
theoretical breakdown strength was applied to ensure insulation
reliability under practical operating conditions. In this design,
the minimum spacing between adjacent capacitive plates is set
to 5 mm, which prevents breakdown under high-frequency and
high-voltage excitation.

IV. EXPERIMENT

A. Experimental Setup

An experimental prototype was constructed to validate the
proposed HWPT system, as shown in Fig. 19. The system
specifications and circuit parameters are listed in Table II. The
coupling coils and compensation inductors use 0.04 × 2000
strand twisted Litz wire to mitigate the skin effect. The com-
pensation inductors are wound on PVC hollow tubes to reduce
the resistive losses of the inductance. The capacitive coupler is
made of 2 mm thick aluminum plates, where the dimensions of
the transmitter plates P1, P2, P3, and P4 are the same as those
of the receiver plates P5, P6, P7, and P8. The external capacitors
are formed into a high-voltage capacitor module by series and
parallel connection of KEMET high-frequency film capacitors,
with a maximum peak ac rated voltage of 700 V and a capaci-
tance tolerance of±5%. Furthermore, to prevent breakdown and
leakage, the entire hybrid magnetic-electric coupler is mounted
on a 5 mm thick transparent epoxy resin board. A wide-bandgap
SiC MOSFET (C3M0075120D) is used in the inverter to provide
high-frequency ac excitation. The SiC MOSFETs were driven
using UCC21520 isolated gate drivers with a gate voltage of

(a)

(b)

Fig. 20. Experimental input waveforms of a two-channel system at different
input. (a) 20 V. (b) 30 V.

+15 V/-4 V and an external gate resistor of 5 Ω to ensure proper
switching performance and noise immunity. A digital controller
(TMS320F28335) generates pulsewidth modulation signals to
drive the SiC MOSFETs at a switching frequency of 1 MHz.

B. Experimental Results

In practical experiments, although theoretical models predict
zero mutual inductance between orthogonally arranged DD coils
aligned along the x- and y-axes, residual cross-coupling is often
observed. This deviation arises from the fact that the adjacent
coil windings in the two channels are not strictly sym metri-
cal during fabrication, and manual experimental errors distort
the magnetic field distribution, resulting in residual coupling.
Precise adjustment of the number of turns on each side is,
therefore, required to approach the condition of zero mutual
inductance. Similarly, although orthogonally arranged plates
are theoretically expected to exhibit negligible cross-coupling
capacitance, physical misalignments, and nonuniform surface
conditions can also lead to residual capacitive coupling under
experimental conditions, which is difficult to measure accu-
rately. As a result, the geometric parameters of both the coils
and plates are carefully tuned to ensure phase alignment of the
input currents in the two transmission channels.

In the dual-channel parallel–series architecture, current bal-
ancing on the primary-side parallel structure is constrained by
the consistency of the coupling structures’ parameters. As shown
in Fig. 20, the input current amplitudes for Channel 1 and
Channel 2 are It,1 = 1.21 A and It,2 = 1.16 A, respectively,
with a phase error of less than 5°. These electrical parameter
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(a)

(b)

Fig. 21. Experimental input and output waveforms of a two-channel system
at different input. (a) 20 V. (b) 30 V.

mismatches primarily lead to differences in the real part of
the impedance between channels, resulting in uneven current
distribution. However, by tuning the resonant components, the
imaginary parts remain synchronized in phase. Additionally,
although the orthogonal layout of coils and plates suppresses
interchannel coupling, residual cross-coupling inductance can
still introduce circulating disturbances into the primary-side
parallel loop. This disturbance further affects the inverter’s
output characteristics. Specifically, due to impedance mismatch,
a slight distortion appears in Channel 1’s current, manifested
as periodic ripple fluctuations near the resonance peak of the
inverter output current.

The input and output waveforms of the two-channel system
are shown in Fig. 21, and the efficiency reaches 86.5% with an
output power of 50 W. During the test period, the full-bridge in-
verter achieved zero-voltage switching with a shutdown current
of about 2.7 A. At 30 V input the two-channel system produces
a 25.2 voltage gain at 50 W, with 86.5% dc–dc efficiency output.
The results show that the proposed HWPT system can effectively
meet the design requirements of high voltage gain.

Based on experimental measurements, Fig. 22 shows the dis-
tribution of losses among the circuit components for the system
at 50 W output. The total power loss of the system is 10.15 W,
which mainly comes from switching devices’ switching tran-
sitions, the conduction loss and the losses in the integrated
coupler. Specifically, after analyzing the system in Section III,
the losses in the integrated coupler are small and the inverter and
rectifier remain the main source of losses. The body diode plays
an important role in the ZVS operation. It has a large reverse
recovery charge, which creates difficulties in realizing ZVS and

Fig. 22. Power loss distribution of HWPT.

Fig. 23. Measured load voltage and efficiency under different loads.

significantly increases the losses in the system at an operating
frequency of 1 MHz.

As shown in Fig. 23, the proposed two-channel HWPT system
demonstrates load-independent CV output behavior, with the
normalized load voltage gain remaining nearly constant across
the 0.5–1.0 load range. In terms of efficiency, the system achieves
over 85% dc–dc conversion efficiency within the 0.7–0.9 nor-
malized load range under a 30 V dc input, reaching a peak
efficiency of 86.5%. The actual measured values are gener-
ally consistent with the simulation in the 0.7–0.9 normalized
load, while more pronounced deviations occur in other regions,
mainly due to differences in the practical quality factor q and
additional hardware nonidealities.

C. Performance Comparison

The performance of the proposed dual-channel HWPT sys-
tem is compared with previous works, as summarized in
Table III. To overcome limitations imposed by coil parameters,
high-order compensation networks such as LCL-LCL and LCC-
LCC have been employed to constrain voltage gain within a
finite range, thereby restoring tunability of the gain [7], [15].
Building upon high-order compensation, Li et al. [15] further
introduced frequency modulation to extend the gain range via
variable-frequency control. In contrast, the S-CLC-based circuit
proposed in [16] achieves wide-range gain tuning solely through
capacitive adjustments, without requiring an independent induc-
tor or complex controls. This approach significantly simplifies
system integration and reduces design complexity. Xu et al. [24]
demonstrated that HWPT systems leveraging both inductive and
capacitive transfer paths can surpass standalone IPT and CPT
in achievable voltage gain range and efficiency. If the power
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TABLE III
COMPREHENSIVE COMPARISON WITH PREVIOUS WORKS

transfer ratio between the hybrid branches and the connection
mode of receiving coils are further investigated in this system,
it is expected to enhance the flexibility of gain regulation.
However, this aspect was not discussed in [24]. Furthermore,
Zhou et al. [30] proposed a modular multichannel CPT system
that employs a scalable electric-field coupler with an ISOS
architecture. It leverages shared decoupling inductors to sup-
press cross-coupling and achieve gain doubling by parallelizing
identical ISOS modules.

Therefore, building upon previous studies, this work pro-
poses a dual-channel hybrid wireless power transfer system that
effectively broadens the output gain range, which breaks the
conventional limitation where the system gain is constrained
by magnetic components such as coils or inductors. A dual-
channel hybrid coupler with decoupling is integrated into the
proposed system to simultaneously support inductive and ca-
pacitive power transfer. By employing an asymmetric S-SP
compensation network, it enables flexible power allocation be-
tween the two channels and achieves wide range gain tuning
with constant-voltage output, all without resorting to control
strategies or high-order networks.

However, the present work focuses primarily on the mod-
eling and experimental validation of the dual-channel hybrid
system. Future research will further optimize and design an
integrated magneto-electric coupler to address the performance
requirements under lateral and angular misalignments, thereby
enhancing the adaptability of the system to diversified applica-
tion scenarios.

V. CONCLUSION

This article proposes a novel two-channel HWPT system
that simultaneously achieves high voltage gain and efficient
energy delivery. The system incorporates magnetically coupled
and capacitively coupled transmission paths, which operate in a
coordinated manner to optimize power transfer. Instead of rely-
ing on conventional single-mode or multitransmitter topologies,
the proposed design leverages dual-channel hybrid coupling
to dynamically tune the power distribution between the two
channels, thereby achieving high voltage gain without sacri-
ficing efficiency. Experimental results show that the proposed

HWPT system achieves the load-independent CV output with a
maximum efficiency of 86.5% and the system gain is 25.2.
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