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Abstract

Inductive power transfer (IPT) and capacitive power transfer (CPT) have been extensively studied and applied in wireless power transfer (WPT). In the process
of system design and analysis, only the characteristics of magnetic or electric fields are considered. This means that only magnetic or electric field coupling is
used for transmitting power. As research on WPT continues to deepen, particularly in areas such as achieving high power density and a high distance-to-
diameter ratio, a distinct technical advantage is lost. However, a hybrid wireless power transfer (HWPT) scheme that integrates magnetic field coupling and
electric field coupling simultaneously, is garnering increasing attention. In this paper, a comprehensive analysis was conducted on the structural
configurations and system transmission characteristics of IPT, CPT, and HWPT, and their work principle and main influencing factors were clarified.
Furthermore, the potential technical advantages, applicable scenarios, and prevailing challenges of HWPT systems were discussed in detail. Based on the
review and analysis of the latest progress, HWPT technology has significant potential for growth and is poised to become the dominant direction of future

WPT development.
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Introduction

Wireless power transfer (WPT) represents a cutting-edge technol-
ogy that has garnered a major focus of scientific inquiry. There are
various energy carriers that are utilized to enable indirect power
transmission between source and load, facilitating complete electri-
cal isolation. Security, reliability, and adaptability are notable advan-
tages of WPT. Conductor exposure hazards and interface wear
mechanisms are systematically addressed by these intrinsic techni-
cal merits. The origins of WPT research can be traced back to the
mid-19th century. However, technological limitations of the era
hindered significant progress!'l. It was not until the 1980s that
research in this field regained momentum, driven by the contribu-
tions of numerous research teams(231,

Figure 1 presents the classification of WPT. Based on transmission
media, WPT can be categorized into two distinct domains: electro-
magnetic and mechanical wave-based WPT. Electromagnetic wave-
based WPT can be further classified based on the wavelength of
propagation into near-field coupled WPT (operating within one
wavelength), and far-field coupled WPT (operating beyond one
wavelength)l. Far-field coupled WPT includes technologies like
microwave wireless power transfer (MWPT)®!, and optical wireless
power transfer (OWPT)IL, In contrast, near-field coupled WPT, which
constitutes the majority of current research, is divided into capaci-
tive power transfer (CPT), and inductive power transfer (IPT).

Distinct transmission channel configurations are identified as the
source of WPT difference, being functionally decomposed into
coupling mechanism variations and compensation topology
designs. The structure and transmission performance of these
components are determined by their specific designs. This integral
structure and operational principle of the system are illustrated in
Fig. 2. This paper systematically summarizes the characteristics of
different transmission channels in IPT and CPT. However, the limita-
tions of single-mode WPT technologies have manifested with
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increasing clarity, particularly as the field advances toward a future
of high-power density and high distance-to-diameter. In this paper,
we are concerned with the design of power transmission channels
for hybrid wireless power transfer (HWPT) systems, which are a
combination of IPT and CPT technologies. By leveraging the
strengths of diverse transmission channels, HWPT is optimized to
enhance overall performance, providing a more flexible and effi-
cient solution for WPT.

IPT

Based on the principle of electromagnetic induction, IPT systems
employ magnetically coupling resonant coils to mediate power
transfer through a high-frequency alternating magnetic field. In
contrast to tightly coupled transformers, an IPT system can be
regarded as a loosely coupled resonator with a large leakage induc-
tancel”#8l, Coupling coils act as the core component of the transmis-
sion channel, enabling energy transfer through magnetic coupling,
however, their inherent parasitic resistance degrades efficiency. To
optimize power transfer capability, resonant compensation topol-
ogy is used in engineering.

Structure of the coupling coils

As illustrated in Fig. 3, three basic configurations have been devel-
oped with distinct characteristics: (a) the basic two-coil structurel?),
optimized for high-power transfer within short distances, features
minimal component count. This structure is efficient in a short
distance, yet its performance will decline rapidly with the increase of
the distance-to-diameter; (b) the three-coil structurel'®! adds a relay
coil between two-coils, extending effective transmission range
through a magnetic field superposition. However, it reduced power
density in near-field applications; (c) the four-coil structurel'l can
achieve maximum transmission distance through multi-stage relay
coils, but the structural complexity and material costs are increased.
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Fig.3 Basic structures in the IPT system. (a) Two-coil. (b) Three-coil. (c) Four-coil.

The ongoing popularization and application of IPT are fostering
substantial innovations in coupling coil. To address practical chal-
lenges in IPT, particularly efficiency degradation under misalign-
ment, researchers have developed enhanced coil configurations
building on three foundational coils. As presented in Fig. 4, the opti-
mization of magnetic field distribution by designing the coil struc-
ture has resulted in the achievement of misalignment tolerance and
an enhancement of transmission powerl'2-17], These coupled coils
are engineered for vehicular wireless power transfer systems, utiliz-
ing directional coupling mechanisms.

The coils described above are primarily utilized for directional
WPT applications. However, directional power transmission mode is
usually limited to two-dimensional space and single reception, and
the spatial flexibility is greatly restricted. To improve magnetic field
power transmission with multi-degree-of-freedom in three-dimen-
sional (3D) space, an in-depth analysis into the design of omnidirec-
tional coils has been conducted. Figure 5 shows two different omni-
directional structures!'8-201, These coils are shedding new light on
the control of magnetic field distribution and spatial degree of
freedom.

Compensation topology

The inherent inductive characteristics of the coupling coil will
lead to significant reactive power in the process of power transmis-
sion, resulting in the reduction of transmission efficiency. To solve
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this problem, a compensation capacitor is usually used for
impedance matching design to make it work in a resonant state. By
accurately tuning the capacitance parameters, the scheme can
effectively suppress the reactive power and construct a purely resis-
tive channel for power transmission. The topology can maintain
constant current or voltage characteristics under different load
conditions. The reliability is enhanced under diverse work scenarios.
In addition, the advanced topology is used for soft switching to
minimize losses through zero-voltage switching and zero-current
switching(2'.22],

Basic compensation topologies include series-series (S-S), series-
parallel (S-P), parallel-series (P-S), and parallel-parallel (P-P). Its
configurations are simple but are limited by poor load adaptability,
operational instability, susceptibility to frequency splitting, and
susceptibility to detuning issues(?3, Composite compensation
topologies, such as LCL?4 and LCC2526], are designed to address
these challenges by integrating the benefits of basic configurations
while offering improved operational stability and adaptability to
dynamic demands. A detailed comparison of these configurations is
provided in Table 1.

Transmission performance of IPT
The transmission performance of IPT systems is primarily influ-
enced by key factors such as coupling coefficient, frequency, and
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Fig. 5 Omnidirectional coupling coil structures. (a) Spherical coil. (b)
Regular tetrahedron.

load. Equation (1) demonstrates the relationship between these
factors and transmission efficiency:

n="2 2 fkow o) M)
Coupling coefficient
The coupling coefficient (k) reflects the extent of energy coupling
at both ends of the transmission. In the IPT system, it is used to indi-
cate the degree of magnetic coupling between the coils, as defined
by Eqn (2):
M
k Vil @
where the mutual inductance is represented by M, L, is the self-
inductance at the transmitting coil, and L, is the self-inductance at the
receiving coil. According to Newman's mutual inductance formula:

_/.1()N1N2 N dlldlz
M= Ve ngD r @)

The impact of the coupling coefficient on transmission perfor-
mance is predominantly influenced by the inter-coil distance d and
alignment. Common methods for extending transmission distance
include the use of relay coils for multi-level energy transfer?! and
increasing the resonant frequency of the transmitter which may be
caused by electromagnetic interference. Maximum coupling has
occurred with perfect alignment, but the coupling coefficient is
reduced by misalignment, leading to a decrease in system

Table 1. Summary of compensation topologies of IPT.

efficiency due to uneven magnetic field distribution. In different
studies, several approaches have been respectively proposed such
as a three-coil IPT system with certain features to improve efficiency
and fault tolerance in electric vehicle wireless chargingB9, a
compensation inductance integration method enhancing misalign-
ment resistancel®'], and an active spatial electromagnetic coupling
regulation approach for stabilizing mutual inductance and ensuring
consistent electrical output under misalignment32,

Frequency

Proper matching of the coupling mechanism and resonance
frequency is required for the efficient performance of IPT systems.
As the coupling degree is increased, frequency splitting may be
present. Frequency tracking and splitting solutions are required. An
efficiency tracking mechanism was proposed by the South China
University of Technology®3]; however, this scheme is limited to
stand-alone conversion from an entire efficiency perspective. In
contrast, the other approach focuses on enhancing efficiency during
light-load charging through the use of circuit reconfiguration tech-
niquest4. The frequency splitting phenomenon in WPT cannot be
eliminated, and various studies have been proposed to analyze the
issue. A frequency-splitting method based on the principle of
nonlinear dynamics is proposedB5], Coupled with the coupled trans-
mission dynamics model, the system is simulated and analyzed. And
it is found that the transmission effect is better at high resonance
frequency. A system control method using the advantage of
frequency splitting to achieve constant output and zero voltage
switching of the inverter is proposed3®). The power can be constant
in this method.

Load

The repercussion of load variations on IPT systems is chiefly
analyzed in terms of dynamic load scenarios and the number of
loads. A dynamic load-matching mechanism was proposed to
address the limitations of traditional fixed-matching networks in
adapting to dynamic loads, though it does not consider more
complex multi-load scenariosB7l. To support multiple loads, it intro-
duced an IPT system with relay coils and LCC compensation, offer-
ing greater flexibility and load control38l, Similarly, a bidirectional
transmission IPT system utilizing S-SP compensation was proposed
to achieve independent constant voltage outputs, improving

Compensation

topologies Advantages

Disadvantages Application scenarios

Series-Series (SS) 1. Straightforward and readily implementable;
2. High transmission efficiency.
Adaptable to load changes.

Flexible adjustment of the receiver functions.

Series-Parallel (SP)
Parallel-Series (PS)

Sensitive to load variations.

Constant load.

High voltage required on the transmitter. Dynamic load and large load resistance.
Poorly adapted to load variations and

Small to medium power transmission.

high impact of parasiticimpedance.

Parallel-Parallel (PP)  Highly adaptable.

LCL Impedance matching and misalignment
tolerance.
LCC 1. Adaptable to the load and higher

misalignment tolerance?’);
2. Adjustable I/0 gain.

High reactive power loss and low
efficiency and complex circuit design.
High requirements for matching coil
parameters and load dependency.
Sensitivity to parameter changes and a
higher cost.

Stable voltage output and small power
transmission.

Multiple loads and dynamic wireless
charging application.

Require high output voltage stability and
large load variations!?®,

Dai et al. Wireless Power Transfer 2025, 12: €017
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efficiency and reducing output attenuation compared to unidirec-
tional systemsB39,

The mature magnetic field coupling mechanism offers several
advantages for the existing IPT system, including high power
density, robust tolerance to misalignment, and effective penetra-
tion through non-metallic media. However, this technology is sensi-
tive to metal environments, has limited spatial freedom, and
exhibits inadequate electromagnetic shielding. These limitations
highlight the physical constraints associated with single magnetic
field coupling.

CPT

Leveraging an alternating electric field as the transmission chan-
nel, CPT systems employ coupling plates to complete power trans-
mission. Coupling plates play a major role in transmission channels,
especially the coupling capacitance between the parallel plates. Due
to the minute capacitance values, it is necessary for CPT systems to
design compensation topology to achieve high power density trans-
mission.

Structure of the coupling plates

To compose an integral transmission path, the structure of CPT
plates is initially designed as a four-plate%41], as shown in Fig. 6a.
Two plates constitute a transmission path, and a return path is
constituted by others. While the construction is simple, the coupling
capacitance under this structure is more complex. In Fig. 6b, a single
capacitor-coupled CPT system[*2l was proposed by the research
team at Chongging University (Chongging, China) utilizing the stray
capacitance between devices. This configuration simplifies the
design but its output power is limited with a 32% efficiency. On this
basis, the teams proposed a three-plate scheme to achieve a

Hybrid wireless power transfer: a review

flexible power supply for mobile devices3], as shown in Fig. 6¢. The
transmission mechanism of the single capacitor system is further
explained in this structure, and the influence of stray capacitance is
solved. Different researchers have also explored more schemes to
improve the efficiency, such as staggered plates!*4, six-platel#549],
and matrix plates!*7l.

Compensation topology

In CPT systems, the coupling capacitance is generally measured in
picofarads (pF) due to the limitations imposed by the plates and the
dielectric constant. This results in considerable impedance within
the circuit. To minimize reactive power loss and enhance transmis-
sion efficiency, inductive elements are employed to balance the
plates.

Table 2 provides a summary of the current CPT compensation
topologies. By optimizing voltage distribution, these compensation
topologies effectively alleviate excessive voltage stress and enhance
the system's degrees of freedom.

As shown in Fig. 7, a novel compensation topology was
proposed®®l, In this configuration, mutual inductance is utilized to
modify the resonant frequency and augment coupling efficiency in
this structure. It is suitable for dynamic and complex load condi-
tions to enhance the load adaptability and reduce the plate voltage
stress.

Transmission performance of CPT

The CPT system is dual to the IPT system, and its transmission
performance is influenced by similar factors as the IPT system,
including coupling coefficient, frequency, and load.

Coupling coefficient
Similar to IPT systems, CPT systems are also influenced by the
coupling coefficient. This coefficient is a measure of the strength of
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Fig. 6 The coupling structure researches of CPT systems. (a) Four-plate. (b) Two-plate. (c) Three-plate. (d) Six-plate. (e) Cross-coupling four-plate. (f)

Matrix-type plate.

Table2. The existing compensation topologies of CPT.

Compensation topologies

Characteristics Ref.

Inductive compensation (single L)

1. High-level compensation inductance;

[48,49]

2. Suitable for low-power, high-frequency applications.

LC compensation Resonant frequency can be effectively adjusted, but poor at adjusting to changing loads. [50-52]

Higher resonance compensation LCL  Better adaptability to load variations and misalignment. [53]
CLLC Optimized system performance with high robustness. [54]
LCLC 1. Bilateral LCLC compensation provides higher efficiency and better dynamic response; [55]

2. Capable of maintaining stable power transfer over a wide range of load variations and misalignment.
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C, C,

Fig. 7 A novel compensation incorporates coupling coils with mutual
inductance.

the electric field coupling between two plates and is mathemati-
cally defined as:

Cn
VGG,
where, C,, is the mutual capacitance between the plates, C; and G, are

the self-capacitances of the transmitting and receiving plates,
respectively. Mutual capacitance C,, can be further expressed as:

k= 4)

&S o
m=—(1+= 5
Cn=—0+2) (6]

here, d is the orthogonal distance between the polar plates, S is
the overlapping area of the plates, and the dielectric constant of the
medium is represented by €. When the plate size is much larger than
the spacing, it can be simplified to the classical formula.

The transmission distance is typically measured in centimeters,
and efficiency is diminished with increasing plate separation due to
heightened electric field strength and mutual capacitance. A nonlin-
ear CPT system with reduced power attenuation can solve the
output fluctuation of the CPT system at 13 MHz, but its coupling
coefficient is easily affected by plate offsetl>’). The University of New
Brunswick proposed a method to detect the misalignment using
electrode plates. The lateral misalignment of this method can reach
170 mm, but the dielectric constant affects its coupling
capacitancel®8. A previous study found that water with a high
dielectric constant is an effective medium for CPT, thereby the CPT
system is suitable for underwater applications>,

Frequency

Switches in CPT systems generally are operated in the MHz range
to mitigate plate capacitance, affecting system power transfer effi-
ciency. A novel CPT model for a frequency quadrupling inverter was
proposed to reduce switching frequency fourfold©, Transmission
performance is enhanced and the loss is reduced. Frequency split-
ting also arises in CPT systems, numerous research efforts have
delved into and dissected the theory of frequency splitting within
the context of diverse compensation configurations[®'-63],

Load

Load variations have been shown to have a vital impact on the
performance of CPT systems, necessitating design adjustments to
accommodate diverse conditions. An LCC-compensated system
with Maximum Power Point Tracking (MPPT) achieved 10 W power
over a certain load range with about 70% efficiency®¥. In multi-load
scenarios, a design for cold container charging used an isolated
compensation topology for constant voltage output!®s], and further
research on LCLC compensation for dual-load systems showed low
output current fluctuations with load changes®®l. In current
research, different topologies are often used for relay functions that
affect multi-load systems analysis[67:681,

Compared with the existing IPT system, the theoretical frame-
work of CPT is still developing. The current CPT system offers distinct
advantages, including a lightweight and thin structural design,
adaptability to metal environments, and a high-frequency response.
Additionally, the CPT system is characterized by the absence of eddy

Dai et al. Wireless Power Transfer 2025, 12: €017
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current loss and a strong resistance to magnetic field interference.
Despite these benefits, the technology faces several challenges: the
transmission power is limited and diminishes rapidly with increas-
ing distance; the coupling mechanism is sensitive, leading to signifi-
cant fluctuations in capacitance; and there is considerable electro-
magnetic radiation in high-frequency electric fields. These limita-
tions hinder the advancement of CPT technology.

HWPT

The HWPT system is integrated with the distinct spatial transmis-
sion characteristics of IPT and CPT, utilizing a complementary dual-
channel strategy for non-contact power transmission. A magnetic
field transmission channel is established via coupling coils, whereas
coupling plates construct an electric field transmission channel.
These different components work synergistically to upgrade the
transmission performance.

Composition of the transmission channel of HWPT

The scheme integrates the coupling mechanisms and compensa-
tion topology associated with IPT and CPT into HWPT, forming a
versatile and efficient power transfer system. Within this innovative
configuration, the transmission channels can be classified into inde-
pendent compensation channels using a series-parallel mechanism,
and shared compensation channels functioning through an inte-
grated mechanism.

Series-parallel channel

Researchers leveraged the electromagnetic field decoupling
properties to isolate the coupled electric and magnetic fields in indi-
vidual cases. These decoupled components are subsequently inte-
grated into an HWPT system through series or parallel configura-
tions. As shown in Fig. 8, the series configuration devised by San
Diego State University integrated coils and plates. The transmission
mechanism of this system is analyzed from equivalent circuits,
ensuring power transmission through the two mechanisms[©9l,

Southwest Jiaotong University (China) proposed the scheme of
parallel connection of coils and plates. The two coupled compo-
nents were integrated in a parallel configuration and subjected to
series compensationl’071], The structural details of the proposed
configuration are illustrated in Fig. 9.

The systems utilize independent compensation structures, where
IPT and CPT are designed separately but function concurrently. This
topology is convenient to control and can enhance the reliability of
the overall system72, Although transmission efficiency has been
enhanced, the inherent defect of the design level has been exposed.
That is spatial requirements and the compensation elements have

an increasing trend.

Fig.8

Fig. 9 Hybrid coupling structure with parallel configuration.
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Integrated channel

To solve the issue of the large spatial footprint, a novel compact
capacitive-inductive integrated coupling mechanism was deve-
loped by researchers at Wuhan University (Wuhan, China). This
co-planar configuration featuring integrated coil and plate arrange-
mentsl’3], was engineered to minimize the dimensions while main-
taining electromagnetic performance. Additionally, Jilin University
(Jilin, China) also explored the integration of two coupling mecha-
nisms on a printed circuit board, enclosing the coupling coil within a
capacitive plate. This integration enabled the concurrent operation
of the mechanisms, reducing circuit current and minimizing electro-
magnetic field leakagel”.

Compared to traditional separate configurations, the compact
integrated approach creates a more space-efficient design. The coil
and plate components are designed to be multi-functional in the
integrated configuration. These elements not only constitute the
main channels for magnetic and electric field coupling, but compen-
sate for each other to minimize the element numberl7>-77], as shown
in Fig. 10a. In addition to the embedded integrated structure, the
layered design is the most widely used. Figure 10b illustrates the
proposed integrated coupling mechanism, in which the minimal
compensation elements are needed to achieve resonance at 1 MHz.
The next goal was to achieve self-resonance below 2 MHz by strate-
gically employing insulating and magnetic materials. A novel multi-
layer structure design was proposed for HWPTL’8], demonstrating its
superiority in delivering a power output of 1 kW.

Most of transmission channels are two-dimensional planar, and
three-dimensional coupling is rare. In the actual design, a 3D hetero-
geneous HWPT transmission channel for multi-receiver spatial
power delivery networks can be attempted. In addition, how to
distribute the spatial position of coils and plates in the integrated
structure of HWPT system will also be a major focus of future devel-
opment.

Transmission performance of HWPT

The transmission performance of HWPT systems includes not only
the independent characteristics of IPT and CPT systems but the
synergistic interaction between them. The HWPT system is allowed
to leverage the strengths for enhanced efficiency and flexibility by
this dual-channel approach.

Transmission distance

Compared with single systems, transmission distance is signifi-
cantly improved with HWPT systems. A novel HWPT system is
proposed by the South China University of Technology (China), in
which a parity-time symmetric circuit is utilized that can maintain a
constant efficiency of 77% over a 1.4 m rangel’?l. As shown in
Fig. 11, the experiment found that compared with the traditional
method, the operation distance of the HWPT system was extended
by about 60%, and the efficiency over short distances was improved
by about four times(éd,

Controlling ratios

By controlling the power allocation ratio between the IPT and CPT
channels, the output power can be optimized to achieve maximum
transmission efficiency. The output power is distributed based on
the proportion of power allocated to the channels, which can be
mathematically expressed as shown in Eqn (5).
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Puwpr = a1 Prpr + 2 Pcpr (6)
where, o+ 0, = 1.

The distributions of IPT and CPT typically are operated with a 1:1
power ratio, where the total output power is the sum of the individ-
ual contributions8-81, However, the power distribution ratio is not
fixed and can be adjusted to suit specific application requirements.
There is a study which suggested that the CPT system contributes
less significantly, accounting for approximately 33.3% of the total
powerl®4, Furthermore, Alexandria University (Alexandria, Egypt)
optimized power distribution where IPT contributed the remaining
82.35%I[85], Different from other control ratios, a 5.2 power ratio (81%
IPT, 19% CPT) HWPT system is proposed, in which the misalignment
ability is significantly improved®l,

Load

In alignment with the single-mode system, the HWPT system is
also influenced by load parameters. However, there are few studies
focusing only on load variation in HWPT. Investigating the factors
that affect load on transmission performance is crucial for establish-
ing a foundation for comprehensive loss analysis of the entire
system. This research examines the relationship between load varia-
tion and output power, analyzing both long-distance and short-
distance scenarios®”l. It is revealed that output power exhibits a
linear relationship with load resistance over long distances, while a
more pronounced nonlinear relationship emerges as the distance
decreases. Additionally, it is observed that higher resistance levels
correspond to greater nonlinearity in output power.

Discussion and insights

HWPT is a versatile and efficient solution for diverse applications.
Despite being in its early stages and facing several challenges, HWPT
is supported by ongoing advancements and research that highlight
its significant potential, promising future innovations, and broad
applications in WPT.

Dai et al. Wireless Power Transfer 2025, 12: €017
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Unique advantages of HWPT

HWPT systems have been shown to deliver superior power
transmission and optimized performance compared with the
single-mode WPT. This advancement provides several advantages,
including enhanced tolerance to misalignment, the capability to
navigate conductive barriers, reduction of frequency splitting, and
improved electromagnetic safety. (a) Enhanced tolerance to
misalignment(88l: as illustrated in Fig. 12, the tolerance to misalign-
ment has significantly improved compared to traditional systems,
resulting in enhanced transmission power and efficiency!®. This
improvement is fundamentally attributed to the complementary
effects of magnetic and electric fields. (b) Capability to overcome
conductive barriers: the HWPT systems effectively address power
degradation caused by eddy current loss and the shielding effect
present in traditional WPT systems. For instance, utilizing a metal
barrier as part of the coupling mechanism offers a novel solution for
ensuring stable power supply to equipment operating in metal envi-
ronments®9. (c) Reduction of frequency splitting®': by optimizing
the total coupling coefficient of the system, the HWPT system
enhances the overall coupling coefficient, leading to more stable
energy transmission. (d) Improved electromagnetic safety®293: the
incorporation of an aluminum plate significantly restricts the distri-
bution of the magnetic field compared to a single IPT system, result-
ing in a marked reduction in electromagnetic field leakage.

An analysis of IPT, CPT, and HWPT systems is summarized in Table
3. Through comparison, it is found that HWPT has more significant
flexibility and applicability, which is a key focus of future research.

—@— IPT+CPT —@— IPT CPT
1,200
e 1>000 — 5—0—6 ®— 8— .“ V;:-/ o
B \ = y =
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Misalignment (mm)
Fig. 12 The unique advantages of HWPT, enhanced tolerance to

misalignment.

Table 3. Analysis of IPT, CPT, and HWPT systems.
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Application scenarios of HWPT

The distinctive combination of inductive and capacitive coupling
makes it particularly well-suited for high-power mobile
devices®4-%I, consumer electronics®7%8], underwater equipment(®9,
and unmanned systemsl'99, The various application scenarios are
depicted in Fig. 13. HWPT can be also explored for the online trans-
mission line monitoring device and in industrial robotics!'0'l, Given
its unique advantages, there is potential to explore the simultane-
ous power supply capabilities of multiple HWPT devices and moni-
tor the pouring status of concrete and other materials in buildings.

Existing challenges and solutions

As an emerging research domain, HWPT systems have revealed
several challenges. These challenges are associated with the distri-
bution of uneven power distribution, a high operating frequency
with low transmission efficiency, and a lack of dynamic monitoring
capability.
Non-uniform power distribution

Contemporary investigations on HWPT are focused on develop-
ing hybrid structures for directional power transmission based on
the equivalent circuit model. To achieve the best transmission
performance, an uneven power distribution exists. For online trans-
mission line monitoring devices, it is necessary to provide a diversi-
fied and stable energy supply for multiple locations and loads,
particularly in metal environments. Consequently, comprehensive
analysis of the spatial energy flow characteristics of magnetic and
electric field coupling from the perspective of electromagnetic inter-
action has been essential. The coupling mechanism of omni-direc-
tional electromagnetic co-existence can be constructed to explore
the relationship between optimal spatial transmission performance
and the electromagnetic proportion. The space ratio can be
improved by adjusting the energy of the electric and magnetic fields
to eliminate the impact of the metal environment.

High operating frequency, and low efficiency

The increase in resonant frequency has led to higher switching
losses in power electronics, reducing the overall efficiency. In HWPT
systems, converters operating at elevated frequency levels are
increasingly important, making optimization of the power electron-
ics a critical focus. Moreover, the majority of existing systems are
confronted with challenges such as eddy current loss and frequency
splitting, caused by the mutual coupling between electric and
magnetic field coupling mechanisms. These problems will diminish
the transmission power. Developing new materials to enhance the

Technical indicators IPT

CPT HWPT

Transmission channel Magnetic

0-0

At kHz (85 kHz is the most used)

Frequency

Distance Well (Range from centimeters to meters)
Electromagnetic shielding effect Low (need external shielding)
Ability to pass through obstacles Low

Others Easy to cause Eddy current problems

Electric Magnetic and Electric Fields

r 4
r 4
—

AN 0=(
I\ |
MHz Depend on the form of coupling

between IPT and CPT (kHz ~ MHz)

Poor (10-100 mm) Better
Medium High
Medium High

1. Complementary functions of IPT and CPT;
2. Suppression of Frequency Splitting;
3. Misalignment Tolerance is increased

Electric field leakage problem
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I_Im erter
il ]
=il —Il=N Tnsulation
sl —— -~ n
Compensation Coupler Compensation 7 \
® Charging for Underwater Equipment / Application ® Charging for unmanned systems (UAVs)
_ Scenarios of |
® Charging for high-power mobile devices (Evs, trains HWPT . L )
Systems e Charging for consumer electronics
Vehicle and chassis (P)) - \ ~ __ ~ Auxilia(rv e o
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Fig.13 Application scenarios of HWPT systemsl’7:%7-99,

dielectric constant and optimizing the coupling mechanism remain
significant hurdles to address.

Lack of dynamic monitoring capability

Current research is concentrated on static analysis of the systems
to a particular degree, exhibiting a dearth of capacity to dynami-
cally monitor alterations in pivotal parameters such as system loads
and coupling coefficients. Consequently, the integration of artificial
intelligence and intelligent sensing technologies is proposed to
facilitate real-time monitoring of the systemic state. It can be inte-
grated with artificial intelligence and intelligent sensing technolo-
gies. This will be helpful in facilitating the automatic detection of
subtle changes in critical parameters, prompting real-time adjust-
ments to ensure adaptability and stability. This enhancement of
operational efficiency in dynamic external and internal environ-
ments is a key benefit.

Conclusions

HWPT holds great promise for the future of WPT technology. In
this paper, based on the recent technological advances, a compre-
hensive comparison and analysis is presented, including the design
of power transmission channels and transmission performance char-
acteristics in IPT, CPT, and HWPT. Furthermore, an exploration of the
prospective applicable scenarios of HWPT is undertaken, alongside a
detailed discussion of the technical challenges and potential solu-
tions. By reviewing and evaluating HWPT, this study aims to provide
a valuable reference for researchers and designers in further
research.
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