
AUIQ Technical Engineering Science AUIQ Technical Engineering Science 

Manuscript 1061 

A Comprehensive Review of Wireless Charging Technologies: A Comprehensive Review of Wireless Charging Technologies: 

Inductive, Capacitive and Hybrid Power Transfer Inductive, Capacitive and Hybrid Power Transfer 

Zahraa M.Y. Islam 

Yasir M. Y. Ameen 

Follow this and additional works at: https://ates.alayen.edu.iq/home 

 Part of the Engineering Commons 

https://ates.alayen.edu.iq/home
https://ates.alayen.edu.iq/home?utm_source=ates.alayen.edu.iq%2Fhome%2Fvol3%2Fiss2%2F1&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/217?utm_source=ates.alayen.edu.iq%2Fhome%2Fvol3%2Fiss2%2F1&utm_medium=PDF&utm_campaign=PDFCoverPages


AUIQ TECHNICAL ENGINEERING SCIENCE 2026;3:1–24 Scan the QR to view
the full-text article on
the journal website

REVIEW

A Comprehensive Review of Wireless Charging
Technologies: Inductive, Capacitive and Hybrid
Power Transfer

Zahraa M.Y. Islam *, Yasir M. Y. Ameen

Electrical Engineering Department, College of Engineering, University of Mosul, Mosul, Iraq

ABSTRACT

Wireless power transfer has attracted more and more attention as a potential solution to electric vehicle charging due
to its safety, convenience and the potential to automate this process. This review paper gives an overview of inductive
and capacitive wireless power transfer technologies, especially focusing on hybrid wireless power transfer systems that
integrate both approaches. The basic operating principles in both inductive and capacitive power transfer are covered
with an emphasis on their advantages and inherent limitations with respect to efficiency, voltage and current stress,
the tolerance of misalignment and the power capability. Building upon this background, the paper is limited to hybrid
systems as an effective mechanism for taking advantage of both the advantages of inductive and capacitive coupling
and reducing the respective disadvantages. Special attention is paid to compensation networks used in HWPT systems.
Different compensation topologies are reviewed and analyzed in terms of the role they play in improving the power
transfer capability, improving operating conditions to the favor of the system and improving the system stability. In
addition, various losses mechanisms related to the hybrid systems such as copper losses, magnetic losses, dielectric
losses, and power electronic losses are analysed in order to check its effect on the overall system efficiency. This review
is aimed to give a clear and structured understanding of HWPT systems and to bring out their potential as a possible
solution for high-efficiency wireless charging applications, especially in the field of electric vehicle systems.

Keywords: Wireless power transfer (WPT), Inductive power transfer (IPT), Capacitive power transfer (CPT), Hybrid wireless
power transfer (HWPT)

1. Introduction

Over the past few decades, the world has been
dealing with growing environmental and economic
problems, most notably climate changes and global
warming which are mainly contributed to the ever
increasing levels of greenhouse gas emissions. The
transportation sector is one of the biggest contribu-
tors of these emissions as it heavily depends on the
use of internal combustion engine (ICE) vehicles that
are powered by fossil fuels. This dependence has led
not only to an increase in emissions of carbon dioxide
(CO2), but also to serious air pollution and to envi-
ronmental degradation and especially to increasing

public health concerns. Consequently, sustainability
has become a key global goal which focuses on the
minimization of environmental impacts, the improve-
ment of energy efficiency and the conservation of
resources to progress in a manner that future gener-
ations can meet their mobility and energy demands
[1–3].

Within this context, electric vehicles (EVs) have
come into prominence as one of the versatile solu-
tions for sustainability and a healthier alternative to
the traditional fossil fuel-based transportation sys-
tems. Battery electric vehicles in particular have no
tailpipe emissions while they are operating, and have
an overall reduced environmental footprint if the
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power used for charging is generated from renewable
energy sources. As a result, EVs are an important con-
tribution to global efforts towards decarbonization,
climate neutrality, and sustainability development.
In addition to their environmental benefits, EVs are
characterized by the following features: high energy
efficiency, low maintenance requirements and better
performance compared to ICE vehicles [3, 4]. The
adoption of electric vehicles worldwide is rapidly in-
creasing in the recent years, with the number of EVs
reaching tens of millions worldwide. Forecasts show
that there could be more than 250 million electric
vehicles could be in operation in the coming decades.
This swift growth has the potential to make a substan-
tial contribution to the reduction of greenhouse gas
emissions; however, the widespread success of elec-
tric mobility depends not only on developments in
vehicle and battery technology, but also on the provi-
sion of a reliable, efficient and user-friendly charging
infrastructure that can keep pace with the growing
power demand [5].

Electric vehicle charging technologies can be
roughly grouped by their charging mechanism, ei-
ther into conductive (wired) charging systems and
wireless charging systems. Conductive charging is the
most widely deployed charging method at the mo-
ment and provides relatively high transfer efficiency
of power. However, it is subject to a number of practi-
cal and operational disadvantages, including manual
plug-in and unplug-out of the device, safety hazards
in terms of electrical shock and tripping hazard, me-
chanical wear of connectors due to the high current
stresses, security against vandalism and flexibility
in harsh or wet environments. Furthermore, wired
charging systems are not suitable for fully automated
or dynamic charging applications which limits their
use in future smart transportation systems [6, 7].

Wireless power transfer (WPT) technology has
emerged as a promising solution to these constraints
to be used in EVs charging. Wireless charging does not
require physical cables and connectors, which makes
wireless charging technology more safe to operate
and more convenient for users, as well as supports
full automated operation. In addition, WPT systems
can be applied in harsh environmental conditions,
and are suitable for stationary and dynamic charging
applications. These advantages make wireless charg-
ing an attractive solution with the continued adoption
of electric vehicles continuing to increase throughout
the world [8, 9]. Despite its benefits, conventional
wireless charging technologies such as inductive
power transfer (IPT) and capacitive power trans-
fer (CPT) still suffer from a number of challenges.
These include the low power transfer efficiency, the
sensitivity to the misalignment of the transmitter

and receiver and the limitations in the amount of
power that can be transferred and the degradation
of performance under real world operating condi-
tions. Solving these problems are very important for
the development of a high-power efficient and ro-
bust wireless charging systems for electric vehicles
[1, 6]. In view of these limitations, lately an advanced
wireless charging technique has emerged which is
called hybrid wireless power transfer (HWPT) which
include inductive and capacitive coupling within a
single system. By combining the coils and capacitive
plates, HWPT tries to make use of the two comple-
mentary strengths of IPT and CPT resulting in higher
power transfer efficiency, higher power density, a
misalignment of alignment, robustness under various
operating conditions. The above characteristics make
the hybrid power transfer particularly interesting for
high power electric vehicle charging applications for
both stationary and dynamic (in-motion) charging
applications [10, 11]. This paper gives a comprehen-
sive review about WPT systems. It first presents the
historical development of the WPT technologies and
then introduces a general classification of the various
WPT approaches. The paper further discusses induc-
tive, capacitive, and HWPT systems in detail, with
respect to their operating principles, circuit design,
coupling characteristics and compensation networks,
system losses, and practical considerations. In ad-
dition, the study examines different compensation
circuit topologies for HWPT systems and analyses the
performance, losses, and practical aspects of the hy-
brid systems themselves. These topics have not been
addressed fully in previous studies.

2. Wireless power transfer

WPT has been defined as transmission of electri-
cal energy from source to the load without using
physical electrical connections through the use of
electromagnetic fields instead of conducting wires.
This concept makes it possible to contactlessly de-
liver an energy together ensuring a galvanic isolation
between the transmitter and the receiver, which in-
creases the operational safety and reliability of the
system. The motivation for WPT comes from the lim-
itations of conventional wired charging systems such
as mechanical wear of connectors, corrosion, safety
risks and limited automation capabilities, to name
a few. These drawbacks are especially important in
EV charging systems, biomedical implants and in
harsh industrial environments where the conductors
can become exposed and cause failures, or even be
a safety hazard. From an engineering perspective,
WPT systems have a number of advantages including
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electrical isolation, reduced maintenance and greater
durability. The elimination of physical connectors en-
ables wireless charging systems to perform in adverse
environmental conditions such as humidity, dust and
vibration making them suitable for applications in
transportation and industrial automation [12–15].

In the application area of electric mobility WPT
has become a promising alternative to conductive
charging. Wireless charging enables the automatic
and user-independent energy transfer of the EV, and
that is static, quasi-dynamic and dynamic charging
situations. However, achieving high power levels at
acceptable efficiency and misalignment tolerance is
currently a major technical problem, which provides
a motivation for the design of advanced WPT ar-
chitectures [16, 17]. Beyond EVs, WPT technologies
have a huge use in the biomedical devices as well,
where the wired devices can be risky for infection and
uncomfortable things for the patient.

Wireless charging is also increasingly being im-
plemented in consumer electronics, e.g. smartphones
and wearable devices, as well as in Internet of Things
(IoT) systems, where sealed and maintenance-free
power delivery is desirable [18].Despite all these
advantages, WPT systems have several technical
challenges such as limited transfer distance, sensi-
tivity to misalignment between coupling elements,
electromagnetic interference (EMI), efficiency degra-
dation, and electromagnetic field exposure regulation
compliance. As a consequence, there has been a
great deal of research effort put into enhancing the
performance of WPTs through optimized coupling
structures, resonant compensation circuits, advanced
power electronic converters and intelligent control
strategies [19, 20].

3. Historical development of WPT

The history of WPT can be traced back to the
late nineteenth century, when Nikola Tesla conducted
groundbreaking experiments on the transmission of
electrical energy without any wires using high fre-
quency alternating currents. Building on Faraday’s
electromagnetic induction principle, Tesla demon-
strated contactless power transfer by using resonant
electromagnetic fields. Most notably through use of
Tesla coil operating at frequencies of around 150 kHz
[12, 21].

The theoretical basis for WPT was also laid with
the work of James Clerk Maxwell and Heinrich Hertz.
Maxwell’s equations united electricity and magnetism
in one theory and Hertz experimentally verified the
propagation of electromagnetic waves in free space.
These contributions formed the science for both wire-

less communication and wireless energy transmission
[12, 22, 23]. In the mid-twentieth century, the re-
search efforts were focused on the long-distance WPT
using radiative electromagnetic waves. Although far-
field WPT enabled long-distance energy transmission,
its low efficiency and strict safety constraints lim-
ited its widespread adoption. Consequently, there
was a gradual shift in research towards near field
WPT methods, which rely on non-radiative methods
of electromagnetic coupling and can only operate
at distances much smaller than the wavelength of
the frequency of operation. A major milestone in
terms of near-field WPT occurred in 2007, when
researchers at the Massachusetts Institute of Technol-
ogy (MIT) demonstrated resonant inductive coupling
in the field of wireless power transmission. This
breakthrough had a direct impact on subsequent
studies of high-power wireless charging systems, es-
pecially for EV applications, for which efficiency,
transfer distance and misalignment tolerance are
important requirements in WPT [12, 22, 24, 25].
Following this breakthrough, fast progress in power
electronics, magnetic materials and semiconductor
devices spurred the development of practical WPT
systems. The appearance of wide bandgap semicon-
ductor technologies, such as silicon carbide (SiC)
and gallium nitride (GaN), enabled high frequency,
high efficiency converters possible which are essen-
tial for modern WPT systems [26–29]. In recent years,
WPT technologies have transitioned from experi-
mental demonstrations to commercial applications.
Inductive charging standards for consumer electron-
ics have been widely adopted, while the automotive
industry has invested heavily in wireless charging
systems for EVs. More recently, CPT and hybrid sys-
tems have been proposed to overcome limitations in
terms of magnetic field exposure, misalignment tol-
erance and system integration [10]. Understanding
the history of WPT is of great value to understand
the design principles, technological limitations and
research issues that still affect the design of mod-
ern WPT systems. The high growth rate of EVs in
the past decade further stimulated the research on
WPT technologies. Researchers started paying atten-
tion to the customization of WPT systems to satisfy
the unique needs of EV charging such as higher power
levels, enhanced misalignment tolerance, and auto
safety requirements. More recently, work has moved
on beyond conventional static wireless charging to
quasi-dynamic and dynamic wireless charging con-
cepts. These approaches make it possible to transfer
energy when vehicles are temporarily stopped or
moving, and promise to lower the battery power ca-
pacity needs on board, and ease the range anxiety
linked to EVs.
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Fig. 1. Classification of WPT technologies.

4. Classification of WPT technologies

WPT technologies can be broadly classified based
on the physical mechanism used to convey en-
ergy between the transmitter and the receiver. The
most widely accepted classification divides WPT
systems into far-field (radiative) and near-field (non-
radiative) methods, depending on the operating
distance relative to the wavelength of the electromag-
netic field as indicated in Fig. 1 [30–33].

4.1. Far-Field (Radiative) WPT

Far-field WPT relies on the propagation of electro-
magnetic waves through free space, where energy is
transmitted over distances significantly larger than
the wavelength of operation. Typical far-field WPT
techniques include radiofrequency (RF), microwave,
laser, and ultrasonic power transfer systems.

In these systems, power is radiated omnidirection-
ally or directionally using antennas, and the receiver
captures a small portion of the transmitted energy,
which is then converted into electrical power using
rectifying circuits. Although far-field WPT enables
long-distance power transmission, its overall effi-
ciency is inherently low due to beam spreading,
atmospheric attenuation, and strict regulatory limits
on electromagnetic radiation exposure [12, 18]. Con-
sequently, far-field WPT is mainly used in low-power
applications such as Radio-frequency identification
(RFID) systems, wireless sensor networks, and space-
based power concepts.

4.2. Near-Field (Non-radiative) WPT

Near-field WPT operates at distances much smaller
than the wavelength of the operating frequency
and relies on non-radiative electromagnetic cou-
pling mechanisms. In contrast to far-field methods,

near-field WPT systems achieve significantly higher
efficiency and improved safety, making them suit-
able for medium- and high-power applications [30,
33]. Near-field WPT technologies can be further
classified into:( (1) Inductive Power Transfer (IPT),
(2) Capacitive Power Transfer (CPT), (3) Hybrid
Inductive–Capacitive Power Transfer). This classifi-
cation is based on whether magnetic fields, electric
fields, or a combination of both are used as the pri-
mary energy transfer medium [10, 11].

5. Inductive power transfer and magnetic
coupling model

IPT systems operate by generating a time-varying
magnetic field through an alternating current flow-
ing in the transmitter coil. According to Faraday’s
law of electromagnetic induction, the variation of
this magnetic field induces a voltage in the receiver
coil, enabling contactless power transfer between the
transmitting and receiving sides [34]. IPT is a near-
field wireless charging technique based on magnetic
coupling between a transmitter (Tx) coil and a re-
ceiver (Rx) coil across an air gap, causing the system
to behave as a loosely coupled transformer. A practi-
cal IPT system typically consists of a high-frequency
inverter feeding a resonant tank on the transmitter
side, a magnetic coupler including coils, ferrite ma-
terials, and shielding, a resonant tank on the receiver
side, and rectification and regulation stages supplying
the load [35]. The overall configuration of the IPT
circuit and its main components is illustrated in Fig. 2
[34]. The coupled coils are commonly modeled using
self-inductances Lp and Ls, equivalent AC resistances
Rp and Rs, and the mutual inductance M, which rep-
resents the portion of magnetic flux linking both coils.
The strength of magnetic coupling is quantified by the
coupling coefficient k, which is related to the mutual
inductance by [36]:

K =
M
√

LPLS

(
0 ≤ k ≤ 1

)
(1)

The value of k depends primarily on coil geometry,
air-gap distance, and lateral or angular alignment
between the transmitter and receiver coils. To char-
acterize AC losses in the coils, the unloaded quality
factor Q is commonly used. The quality factors of the
transmitter and receiver coils are defined as [37, 38]:

QP =
ωLP

RP
,QS =

ωLS

RS
(2)

where ω =2π f denotes the angular frequency and f is
the operating frequency.
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Fig. 2. Block diagram of a general architecture of an IPT system.

The k-Q product is a widely used indicator for
assessing the performance of the magnetic link in
IPT systems. It shows that improving the coupling
coefficient k and the quality factors of the transmitter
and receiver coils can significantly enhance power
transfer efficiency, even when magnetic coupling is
relatively weak. An increase in air-gap distance or
coil misalignment reduces magnetic coupling, which
directly affects the transferred power and system
stability. To address these variations, compensation
networks and suitable control strategies are com-
monly employed to keep the system operating close
to resonance and to maintain conditions such as zero-
phase angle (ZPA) or zero-voltage switching (ZVS)
[34].

5.1. Classification of inductive coupler structures for
IPT systems

In IPT systems for electric vehicle (EV) applica-
tions, the inductive coupler has a decisive influence
on the system performance. Its geometry influences
its strength of magnetic coupling, misalignment tol-
erance, power density and stability. Because of the
great dependence of the magnetic field distribution
on the shape and arrangement of the coils, many
pad and coil structures have been reported in the
literature with an eye towards facilitating improve-
ment in power transfer efficiency and insensitivity
to lateral and angular misalignment. Based on the
dominant elements of the coupled magnetic flux, IPT
pads are often divided into non polarized pads (NPP)
and polarized pads (PP). In addition, from a struc-
tural perspective, IPT pads may take on single-coil,
multi-coil, and multi-path configurations, which can
be polarized or non-polarized depending on their
magnetic field distribution. This classification pro-
vides a practical means by which it is possible to
have some relation between the geometry of the coil
and the system behaviour in the case of realistic
operating conditions, especially when there are air
gaps and misalignmets between the transmitter and

the receiver. Recent studies further emphasize that
pad selection cannot be treated in isolation; it must
be considered alongside the compensation scheme,
safety requirements, and magnetic field exposure lim-
its. Consequently, no single pad geometry can be
regarded as universally optimal. Instead, the most
appropriate structure depends on the application re-
quirements, including whether charging is static or
dynamic, the available installation space, the air-gap
distance, and the required level of misalignment tol-
erance [1, 14, 17].

• Non-Polarized Pads (NPP): NPP generally uses a
single planar coil in the shape of circles, squares
or rectangles. In these designs, good magnetic
coupling is primarily related to the vertical com-
ponent of the magnetic field. Their simplicity
of structure, low interconnections, and ease of
manufacture makes them attractive for low- to
medium-power applications where reliability and
mechanical simplicity are important. However,
one of the drawbacks of NPP structures is well
known as their sensitivity to lateral misalignment
that causes a noticeable reduction in coupling co-
efficient and transferred power. Addressing this
problem often requires the increase of the pad
dimensions or the use of compensation networks
and control strategies that can account for the
variation of the coupling coefficient during op-
eration [1, 39, 40]. Representative examples of
circular, square and rectangular NPP are shown
in Fig. 3.

• Polarized Pads (PP): PP are specially designed
to shape the magnetic field so that both verti-
cal and horizontal flux components contribute to
the coupling process. This design approach offers
better tolerance to lateral displacement and an-
gular misalignment than non-polarized structures,
and thus, PP are more suitable for high power
EV charging systems. The most popular polar-
ized structure is the Double-D (DD) and Bipolar
(BP) coil structures [1, 41]. The Double-D pad,
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Fig. 3. Non-Polarized Pads shapes (a) circular, (b) square, (c)
rectangular.

shown in Fig. 4, consists of two D-shaped coils
that are designed to generate a more uniform
distribution of magnetic field and therefore pro-
vide better tolerance for misalignment and more
stable power transfer. Further improvements in
advanced design such as the Double-D Quadrature
(DDQ) coupler in which another orthogonal coil is
introduced to maintain the stable coupling under
severe misalignment conditions is shown in Fig. 4
[14, 28, 42].

• Multi-Coil and Multi-Path Pads: Beyond single-
coil pad structures, some IPT systems have multi-
coil or multi-path structures. These include the
use of intermediate repeater coils, multiple trans-
mitter coils in the form of segmented tracks
for dynamic charging or the use of multiple re-
ceiver coils within the same system itself. Such
approaches are intended to increase the cou-
pling region and to increase power transfer for
greater areas and low sensitivity to misalignment
as shown in Fig. 5. Nevertheless, these advantages
come at the expense of higher system complexity
including more demanding control requirements
and additional cross-coupling effects that must be
carefully addressed during modeling and design
[22, 43].

5.2. Compensation networks in IPT systems

In IPT systems, compensation networks are needed
to eliminate the reactive component of the system
impedance as well as to bring the transmitter and
receiver coils to resonance at the operating frequency.
Without appropriate compensation, the loosely cou-
pled coils present high reactive impedance and large

Fig. 4. Polarized Pads shapes (a) Double-D coil. (b) Double-D
quadrature coil (c) Bipolar coil.

circulating currents, which reduce efficiency and in-
crease stress on power electronic components. By
using resonant LC compensation networks, leakage
inductance can be effectively compensated and re-
sults in a high power transfer efficiency, an enhanced
voltage gain, a better load regulation and a reduced
inverter VA rating [1]. The most widely used com-
pensation topologies in IPT systems are obtained by
connecting resonant capacitors in series or in parallel
with the transmitter and receiver coils. This leads
to four basic types: Series-Series (SS), Series-Parallel
(SP), Parallel-Series (PS), and Parallel-Parallel (PP)
[44, 45]. Due to their simplicity and simple analy-
sis, these configurations are the basis of most of the
IPT system designs. Among them, the SS topology
is more popular in EV charging applications because
its resonant condition is relatively insensitive to load
and coupling coefficient variation and provides stable
output current characteristics naturally [46, 47]. The
basic structures of the SS, SP, PS and PP compensa-
tion networks are shown in Fig. 6. To address the
limitations of these basic topologies under conditions
such as coil misalignment, wide load variation, and
high-power operation, more advanced multi-element
compensation networks have been developed. In
particular, LCL and LCC topologies introduce addi-
tional design flexibility, allowing better control of
voltage gain, input impedance phase, and overall
system robustness. These compensation networks are
commonly used to achieve constant-current (CC) or
constant-voltage (CV) operation, reduce sensitivity to
changes in load and coupling coefficient, and enable
soft-switching in high power IPT systems [10, 46–50].
Ultimately, the choice of compensation topology de-
pends on application-specific requirements, including
power level, operating frequency, efficiency targets,
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Fig. 5. Multi-Coil and Multi-Path coils (a) three coils(b) Four coils (c) asymmetric four coil system.

allowable misalignment, and overall system con-
straints.

At the end of this part on IPT, a complete compar-
ative analysis is presented as summarized in Table 1
which shows representative past studies in recogni-
tion of transmitter and receiver pad configurations,
compensation topologies, output power, power trans-
fer efficiency and distance between air-gaps. The
comparison shows that the system performance is
highly dependent on the pad design as well as the
compensation topology chosen and proper compen-
sation methods are also essential in improving the
efficiency and power transferred, especially when
the air gaps are large. Despite the high efficiencies
that have been reported in most studies, the overall
system performance is usually limited by constraints
associated with transfer distance limitations and pad
geometry. This underscores the ongoing challenge in
inductive WPT system design of achieving an optimal
trade-off between efficiency, transferred power, and
air-gap distance.

6. Capacitive WPT (CPT)

CPT is a WPT technique that relies on the electric
field established between facing metallic plates sep-
arated by an air gap or a dielectric medium. These
plates function as capacitor electrodes, and power

transfer is achieved through the displacement current
generated by the periodic charging and discharging
process at high operating frequencies. Unlike IPT,
CPT primarily utilizes electric-field coupling, which
can offer advantages such as reduced magnetic-field
emissions, lower weight, and simpler mechanical in-
tegration in certain applications [10, 11].

In most practical CPT implementations, the cou-
pling plates are manufactured from aluminum due
to its low density, low cost, and ease of fabrication.
In applications where lower electrical resistance or
enhanced thermal performance is required, copper
plates may also be employed. The selection of plate
material, along with plate dimensions and separation
distance, directly influences the coupling capacitance
and electric-field distribution [12, 58–60]. Fig. 7
illustrates the general architecture of a CPT sys-
tem. On the transmitter side, a DC power source
feeds a high-frequency inverter, which is connected
to a resonant compensation network before ener-
gizing the transmitting plates. The high-frequency
alternating voltage applied to the plates generates a
time-varying electric field across the coupling gap,
enabling power transfer through capacitive coupling.
On the receiver side, a corresponding compensation
network is used to achieve resonance and reduce the
effective impedance of the capacitive interface, fol-
lowed by rectification and delivery of power to the
load or battery [10, 61].
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Fig. 6. Common compensation topologies for IPT systems (a) S–S (b) S–P (c) P–S (d)P–P (e) LCL–LCL, (f) LCC–S, (g)LCC–LCC, (h)
CCL–LC, (i) LC–LC, (j) S–LCL, (k) CCL–S, and (l) S–CL.

Table 1. Comparison of representative IPT systems.

Ref Type of pads Compensation Topology Out Power Efficiency Airgap (mm) Frequency

[51] Circular pad SS 500 W 90% 125 85 kHz
[52] Circular pad SS 3.7 kW 90.02 120 85 kHz
[53] Circular pad SS 1.011 kW 74.84 200 85 kHz
[54] Square pad LCC-LCC 10 kW 92% 200 85 kHz
[55] DD pad LCC - LCC 20 kW 96.2% 280 22 kHz
[56] DD pad LCC-LCC 12.82 kW 89.08% 100 22 kHz
[57] Square pad SS 3.7 kW 91.6% 100 85 kHz

Fig. 7. Block diagram of a general architecture of a CPT system.
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Fig. 8. Structure of a two-plate capacitive coupler.

6.1. Electrical modeling of capacitive couplers

Due to the diversity of CPT coupler structures and
their varying electrical and geometrical characteris-
tics, CPT couplers are commonly classified according
to the number of plates and their geometric arrange-
ment. From an electrical perspective, a CPT coupler
cannot be accurately represented as a single ideal
capacitor. Instead, it must be modeled as a network of
parasitic capacitances, including mutual capacitances
between opposing plates, cross-coupling capacitances
between non-facing plates, and self-capacitances as-
sociated with plates on the same side of the coupler,
in addition to capacitances to ground or the surround-
ing structure [60].

The values of these parasitic capacitances depend
strongly on the number of plates, their dimensions,
separation distance, alignment conditions, and the
dielectric properties of the medium between the
plates. Consequently, the geometric design of the
coupler plays a decisive role in the overall per-
formance of a CPT system. Because the equivalent
mutual capacitance is typically very small often in
the picofarad range the capacitive interface exhibits
a high impedance at practical operating frequen-
cies. As a result, efficient power transfer cannot be
achieved without resonant operation. Furthermore,
since different coupler structures lead to different
parasitic capacitance networks, a universal electrical
model cannot be applied to all CPT configurations.
Each coupler topology therefore requires a dedicated
equivalent model tailored to its specific geometry
[58, 61].

6.2. Classification of CPT coupler structures

• Two-Plate Coupler: The two-plate coupler,
shown in Fig. 8, represents the simplest capacitive
coupling structure. It consists of a single transmit-

ting plate facing a single receiving plate. In this
configuration, no explicit return path exists for the
displacement current, and circuit closure relies on
parasitic capacitances to ground or the surround-
ing structure. Although this structure is mechanically
simple and can tolerate certain misalignment condi-
tions, its strong dependence on environmental factors
reduces modeling accuracy and severely limits the
transferable power. Consequently, two-plate couplers
are generally restricted to low-power applications
[62–64].
• Four-Plate Coupler: The four-plate coupler, illus-

trated in Fig. 9, is the most widely used structure
in medium- and high-power CPT systems. It com-
prises two transmitting plates and two receiving
plates, providing a well-defined forward and return
path for the displacement current. This configura-
tion enables more accurate electrical modeling and
improved power transfer capability. Four-plate cou-
plers can be implemented in a lateral (horizontal)
arrangement, which offers high efficiency and sim-
plified analysis, or in a vertical stacked arrangement
that reduces system footprint and improves rotational
misalignment tolerance. However, the stacked config-
uration typically requires enhanced insulation due to
increased voltage stress on the plates [63, 65–67].
• Six-Plate Coupler: To enhance safety and reduce

electric-field leakage into the surrounding environ-
ment, six-plate coupler structures have been pro-
posed, as shown in Fig. 10. In these configurations,
two additional shielding plates are introduced, often
with one connected to ground. This approach effec-
tively confines the electric field between the trans-
mitting and receiving plates, reducing unwanted ex-
posure and improving compliance with safety regula-
tions. Nevertheless, the inclusion of additional plates
increases the number of parasitic capacitances, result-
ing in a more complex electrical model that must be
carefully considered during system design [63, 68].
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Fig. 9. Structure of a four-plate (a) parallel capacitive coupler (b) stacked capacitive coupler.

Fig. 10. Structure of a six-plate capacitive coupler [59].

6.3. Compensation networks in CPT systems

In CPT systems, because the coupling capacitance
is small in nature, the capacitive interface has a high
impedance at low and moderate frequencies, which is
a severe limitation to power transfer if not compen-
sated. Therefore, resonant compensation networks
are necessary to remove the capacitive reactance, cre-
ate resonance at the operating frequency and increase
the plate voltage to enable sufficient displacement
current flow [69].

As shown in Fig. 11, various compensation topolo-
gies have been proposed for CPT systems which

include L, LC, LCL, LCLC and CLLC networks. The
most basic is L-type network, which uses a single
series inductor to resonate with the coupling capac-
itance, and is appropriate for small air gap and low
power applications. However, with increasing air gap
and decreasing coupling capacitance, the required
inductance will be impractically large and thus the
losses will be higher [63, 70–72]. To address this
issue, LC and LCL compensation networks introduce
additional reactive elements, enabling higher-order
resonance and greater flexibility in frequency tuning
and power regulation. Among them, LCL compen-
sation offers improved tolerance to variations in
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Fig. 11. Common compensation techniques in CPT system: (a) L (b) LC (c) LCL (d) LCLC (e) CLLC [10].

coupling and load conditions. For larger air gaps and
higher power levels, double-sided LCLC and CLLC
networks are commonly used, as they provide effec-
tive voltage amplification, enhanced stability under
misalignment and load changes, and reduced electri-
cal stress on components. Consequently, the choice of
compensation topology directly affects voltage stress,
component sizing, system stability, and overall safety
[63, 73, 74]. Therefore, the capacitive coupler and
its compensation network should be jointly designed
and optimized as a single integrated system to ensure
high performance while meeting safety and electro-
magnetic compatibility requirements.

At the end of this part on CPT, Table 2, shows a
comparative overview of representative past research
with regard to their important system attributes, such
as the total number of coupling plates, compensa-
tion topology, power output, transmission efficiency,
distance to air, and operating frequency. The compar-
ison suggests that the performance of the system in
CPT is highly influenced by the coupling structure,
especially the plate numbers and arrangement and
the compensation topology chosen. Some of the ap-
propriate methods of compensation come in handy

to enhance power transfer abilities and effectiveness,
particularly in larger air-gap circumstances. Although
significant progress has been claimed in the liter-
ature, the maximum attainable power output and
transmission range are still small in comparison with
the inductive schemes, pointing out at inevitable
trade-offs in CPT systems. It is a comparative analysis
that highlights the ongoing issue of efficiency im-
provement and power transferred through enhanced
efficiency whilst keeping practical air-gap distances
in CPT systems.

7. Hybrid WPT

HWPT is a new concept in the near-field WPT sys-
tems, where the electrical power is transferred over
a short air gap by electromagnetic fields. Unlike in
conventional systems, which use one specific power
transfer mechanism, HWPT operates in the near-field
region, and at the same time, combines more than
one specific coupling mechanism within one inte-
grated structure. This places HWPT in the company
of other near-field WPT technologies, but with better

Table 2. Comparison of representative CPT systems.

Ref No. of plates Compensation Topology Out Power Efficiency Airgap (mm) Frequency

[75] 6 SS 100W 87.4% 30 13.56 MHz
[76] 6 LCL 1.97 kW 91.6% 150 1 MHz
[77] 2 SS 0.35 Kw 74.1 110 1 MHz
[78] 4 SS 0.112 70.6 180 1.5 MHz
[79] 4 PP 3.55kW 94.2 8 2.5 MHz
[80] 4 LCL- LCL 0.50 kW 90 50 1 MHz
[81] 5 N/A 5kW 96.5% N/A N/A
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Fig. 12. Block diagram of a general architecture of an HWPT system.

flexibility and performance that comes with its hybrid
operating principle.

The basic idea of HWPT is to combine the induc-
tive (based on magnetic field) and capacitive (based
on an electrical field) power transfer mechanisms so
that both contribute to the total delivered power.
Instead of relying on a single transmission path,
HWPT creates a dual-channel power transfer archi-
tecture whereby the energy is fed to the same load
via two complementary coupling paths as shown in
Fig. 12. Recent studies have shown that it is possible
to greatly improve the system performance by means
of this combined approach, especially in applications
with different operating conditions or where single-
mechanism WPT systems have practical limitations
[10, 11, 82].

HWPT is benefited by the strengths of both the
mechanisms. The magnetic coupling path allows for
efficient transfer of relatively high levels of power
and has wide applications in industrial and trans-
portation applications. In contrast to the magnetic
coupling path, the electric coupling path has lighter
structures, planar interfaces, is less sensitive to the
effect of nearby metallic objects, and is less affected
by lateral misalignment. By combining both mech-
anisms in a single hybrid circuit, HWPT uses the
complementary benefits and addresses the individual
shortcomings of the two methods [83–85]. A key
motivation for HWPT development is its improved
robustness under non-ideal conditions. Variations in
air-gap distance, lateral misalignment between trans-
mitter and receiver, or load changes can severely
degrade the performance of single-channel WPT sys-
tems. In HWPT systems, when one transfer path
becomes less effective due to misalignment or envi-
ronmental influences, the second path can still deliver
part of the required power. This shared contribution
enhances reliability and ensures more stable power
delivery, which is particularly important for demand-
ing applications such as electric vehicle charging and
moving platforms [86, 87].

Another important characteristic of HWPT is the
flexible of power distribution between the two chan-

nels. The contribution of the different paths is not
fixed but depends on parameters of the system design
such as resonant components, coupling characteris-
tics, operating frequency and the selection of the
hybrid connection topology. This is a flexible way for
designers to optimize for efficiency, power density,
electromagnetic emissions and thermal performance
as required by their specific application. Several stud-
ies refer to this controllable power sharing capability
as one of the big benefits of HWPT compared to tra-
ditional near-field WPT systems [86, 87]. Despite the
merits associated with it, the integration of two power
transfer paths presents other design challenges. Issues
such as reactive power management, mutual interac-
tion between the inductive and capacitive channels
and stable resonance under varying conditions need
to be carefully addressed. Consequently, recent re-
search has concentrated on developing appropriate
hybrid circuit structures, advanced compensation
method and precise analytical models to achieve
reliable and efficient HWPT operation in practical
environments [82, 85, 87].

7.1. Literature review of hybrid WPT

HWPT systems that combine inductive and ca-
pacitive coupling have been shown to achieve
significant performance enhancements due to the
complementary advantages of magnetic and electric
field channels. For instance, in electric vehicle charg-
ing applications, adding a CPT channel to an IPT
charger can increase power throughput and improve
misalignment tolerance. In one early-stage develop-
ment, a CPT channel integrated into an IPT charger
achieved a power transfer of 2.84 kW with an ef-
ficiency of approximately 94.45% at 1 MHz, while
also exhibiting superior misalignment performance
compared to IPT alone [82].

Subsequent EV-oriented designs contributed to im-
proving and optimizing the coupler integration and
compensation networks - Badwey et al [86]. de-
signed a spiral/helical coil plus four-plate hybrid
coupler whose performance resulted in ∼10 kW
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transfer with ∼99.37% simulated coupler-to-coupler
efficiency over large air gaps, and Li et al [85]. came
up with the concept of a compact “comb shape” cou-
pler that interleaved metal plates between coils in an
attempt to minimize the impact of the eddy current
shielding; their prototype achieved 2.2 kW output
at 92.6% dc-dc efficiency, thus demonstrating the
HWPT has also been used in transport infrastructure
and robotics: an IPT-CPT railway charger achieved
653W at 87.7% efficiency with only∼8% output drop
at only ∼270mm lateral misalignment (a huge im-
provement from single coupler IPT or CPT system)
[88], and a multi-channel based “Tri-SS” architec-
ture also achieved ∼81% efficiency under 60% coil
displacement by coordinating power flow via both
magnetic and electric pathways [87].

A number of researchers focus on output stability
at different loads or alignment. The 200 W HWPT
prototype by Qing et al [84]. gave the inherent
advantage of having a constant output current for
load changes (20–40 �) and for coil offsets (0–100
mm), which corresponds to about doubling the cur-
rent capacity of an equivalent CPT-only system. In
case of underwater scenario, Zhang et al.[89] intro-
duced double-D coils with C-shaped capacitor plates
(backed by ferrite) in an integrated coupler and used
an S/LCL-S compensation network to achieve easy
CC/CV mode switching, where the developed system
achieved stable constant-current or constant-voltage
output (power variation <15%) under 50% mis-
alignment, with a maximum efficiency of ∼88.2%
at 255W output power. More generally, hybrid IPT-
CPT designs in water have demonstrated the utility
of a common power resource among the channels to
minimize extreme operating stresses - an underwater

HWPT prototype achieved ∼87.8% efficiency with
mitigation of ∼39% and 31% reduction in the re-
quired coil current and plate voltage, respectively, to
the same conventional IPT or CPT systems, mitigating
eddy current losses and dielectric stress in conductive
seawater [90].

Other innovations have included the application
of parity-time (PT) symmetric circuit theory for
extending the range of constant power and high ef-
ficiency operation in a hybrid resonant topology and
lightweight combined couplers for aerial vehicles,
such as a UAV charger using ferrite cores with L-
shaped cores and coils embedded within plus foil
electrodes, which was shown to deliver 130 W at
∼81% efficiency in order to contactlessly recharge its
battery without the use of heavy hardware onboard
[91]. Collectively, these works show how inductive-
capacitive HWPT can achieve improved efficiencies,
power density, misalignment tolerance, and load in-
variable output power compared to single technology
WPT with successful implementations across a variety
of applications that include railroads, underwater ve-
hicles, electric cars, drones and even small e-mobility
devices.

7.2. Transmission channels in hybrid WPT systems

Unlike conventional single-mode WPT systems,
HWPT uses a design philosophy whereby the power
transmission channel itself is hybrid in nature as
shown in Fig. 13. Rather than depending on one path
coupling, energy is applied through various comple-
mentary transmission mechanisms which operate at
the same time in the same system. Depending on
the way these transmission paths are organised and

Fig. 13. Coupling Structures in Hybrid WPT Systems: (a) Independent Hybrid Coupler, (b) Integrated Hybrid Coupler.
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integrated, HWPT systems can be divided into two
main categories.

• Independent Hybrid Channels (Series/Parallel Hy-
brid): In this approach, hybrid power transfer is
achieved by combining two independently de-
signed transmission paths within a single system.
Each path follows a distinct coupling mechanism,
and the hybrid operation is realized using se-
ries or parallel interconnection at system level.
This configuration has high design flexibility and
easy control strategies because each transmission
path can be analyzed and optimized separately.
In addition, the functional separation between
paths contributes to improved system reliability
[82, 90, 91]. However, the use of independent
hybrid channels usually leads to a larger sys-
tem size and a greater number of compensation
components, which may limit its applicability in
space-constrained or compact designs.

• Integrated Hybrid Channels: Integrated hybrid
channels are a more advanced and compact im-
plementation of HWPT. In this structure, a single
physical structure is used to simultaneously im-
plement several coupling mechanisms, wherein
the same elements can be used for both magnetic
and electric field coupling-based power transfer.
By combining transmission paths from the struc-
tural level, this method can greatly reduce the
volume and weight of the system, and the num-
ber of compensation parts [84–86]. In addition
to compactness, integrated hybrid channels of-
fer improved electromagnetic field distribution
and reduced field leakage, contributing to en-
hanced electromagnetic safety. Owing to these
advantages, integrated hybrid architectures have
become the dominant research trend in modern
HWPT systems, particularly for applications that
demand high power density under strict spatial
constraints.

7.3. Compensation networks in hybrid WPT systems

Compensation networks play a central role in the
operation of HWPT systems, as they regulate reso-
nance conditions, reactive power and power sharing
between the simultaneous inductive and capacitive
pathways. This multi-path nature makes the system
behaviour more complicated than in conventional
WPT systems and the compensation design becomes
a critical factor to achieve stable system operation,
high efficiency, and reliable performance in changing
coupling and load conditions. Beyond the basic tun-
ing of resonance, good compensation network design
is useful to keep excessive reactive power in check,
dash out circulating currents, stabilize power distri-
bution and eliminate sensitivity to coupling and load
variations. Different compensation topologies have
thus been proposed in the literature and each one is
suited to a particular system architecture, operating
frequency and performance goals.

• LC Compensation in Hybrid WPT Systems: LC
compensation is one of the most fundamental
and widely adopted resonant compensation ap-
proaches in hybrid WPT (HWPT) systems. In this
topology, inductive and capacitive elements are
combined to form resonant networks on both the
transmitter and receiver sides, enabling the hybrid
inductive–capacitive link to operate at or near
resonance, as illustrated in Fig. 14, which presents
a typical LC-compensated HWPT circuit structure.
By effectively minimizing reactive impedance,
LC compensation contributes to improved power
transfer efficiency, enhanced operational stability,
and provides a solid analytical basis for system
modeling and design [82, 85, 90].

In some HWPT architectures [84], LC compensation
networks are integrated directly into the overall
system structure rather than implemented as

Fig. 14. HWPT system with LC compensation topology.
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Fig. 15. HWPT system with LC compensation topology.

isolated resonant stages. This integrated realization,
illustrated in Fig. 15, shows how LC elements are
embedded within the hybrid coupler to achieve
coordinated resonance at a common operating
frequency. Such an approach simplifies system design
and reduces the number of discrete compensation
components while maintaining stable performance.
When the inductance and capacitance values
are properly selected, the system can preserve
near-resonant operation even under variations in
coupling conditions, misalignment, or load changes.
Furthermore, LC-based equivalent circuit models are
widely employed to analyze transferred power, deter-
mine optimal operating conditions, and assess system
sensitivity to parameter variations, with analytical
predictions showing good agreement with simulation
and experimental results reported in the literature.

• LCL Compensation in Hybrid WPT Systems: As
HWPT systems evolve toward higher performance
and increased robustness, more advanced com-
pensation structures such as LCL compensation

have been introduced. Compared to conventional
LC compensation, the LCL topology incorporates
an additional inductor, providing greater flexi-
bility in shaping the equivalent impedance seen
by the power converter, as illustrated in Fig. 16.
In hybrid systems, LCL compensation is partic-
ularly effective in parallel-connected configura-
tions, where interactions between transmission
paths may otherwise lead to instability. The addi-
tional filtering effect of the LCL network improves
current quality, suppresses circulating reactive
currents, and reduces voltage and current stresses
on system components. Experimental studies
have shown that double-sided LCL compensation
enables stable operation and high efficiency under
varying load and coupling conditions, making it
well suited for HWPT applications with dynamic
operating environments [92, 93].

• Series–Series and Tri-SS Compensation in
Multi-Channel Hybrid Systems: Series-Series
(SS) compensation is usually used in HWPT
systems for transmission paths which require

Fig. 16. HWPT system with LCL compensation topology.
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Fig. 17. HWPT system with SS compensation topology.

stable current characteristics and high efficiency.
In such topology, series capacitors are inserted on
both transmitter and receiver ends of a particular
transmission path and hence form low impedance
condition with resonating frequency, as shown
in Fig. 17. In the case of hybrid systems, SS
compensation is generally only used selectively
instead of uniformly across all transmission paths,
which makes efficient power delivery possible,
while the reactive power remains limited [94].

For advanced HWPT systems with more than one
active resonant channel, Tri-SS (Triple Series-Series)
compensation has been introduced which is a fur-
ther development of conventional SS compensation.
In Tri-SS systems 3 resonant paths are simultaneously
contributing to power transfer and coordinated reso-
nance control is required as shown in Fig. 18. Each
resonant channel is provided with series capacitors
on the transmitter and receiver end, which ensures
that all the channels are near resonance even in the

presence of coupling variations. This multi-channel
approach improves power density, power balance,
and tolerance to misalignment to a great extent,
stating a shift towards cooperative power transfer
strategies in modern HWPT designs [87].

• Independent Compensation for Parallel Hybrid
Paths: In parallel-connected hybrid WPT systems,
independent compensation of each transmission
path is essential to prevent circulating currents
and unstable power sharing, as illustrated in
Fig. 19. When multiple paths share a common
compensation network, reactive currents may
circulate between paths, leading to increased
losses and degraded efficiency. Independent com-
pensation allows each hybrid path to maintain
its own resonant condition without interference
from other paths. This approach is often combined
with isolated rectification, further enhancing sys-
tem stability and reliability, particularly under

Fig. 18. HWPT system with Tri-SS compensation topology HWPT System [73].
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Fig. 19. HWPT system with Double-LC-S compensation topology.

Table 3. Comparative analysis of HWPT systems.

Ref Coupler Frequency Compensation Topology Out Power Efficiency Airgap (mm)

[82] Series 1MHz LC -LC 2.84 kW 94.45% 150
[88] Series 1MHz LC -LC 653W 87.7 60
[94] Parallel 1MHz SS 1.1kW 91.9% 150
[93] Series 1.1MHz LCL- LCL 100W 77.8% N/A
[90] Integrated 800kHz LC -LC 278W 87.8% 120
[83] Parallel 800kHz LC -LC 1kW 90.97% 100
[85] Integrated 1MHz LC -LC 2.2 kW 92.6% 150
[87] Integrated 800kHz Tri-SS 550W 81.4% 100

dynamic operating conditions such as misalign-
ment or load variation [83, 88, 91, 95].

To summarize this part on HWPT systems, Table 3
has given a comparative summary of the previous
studies that have been done especially on the hy-
brid coupler configuration and the mechanism of
integrating the inductive coils and capacitive plates.
These consist of various coupling and connection
methods like series, parallel and integrated structure,
operating frequency, compensation topology, output
power, efficiency and air-gap distance. The com-
parison shows that the approach to implement the
inductive and capacitive coupling is a significant fac-
tor that affects the overall system performance since
it directly influences the ability to transfer power, ef-
ficiency, and the ability to tolerate air-gap variations.
Further, the relevant integration approaches allow
the better use of magnetic and electric coupling paths.
These findings indicate the persistence of the problem
of the HWPT system design in attaining efficient and
stable power transfer by optimized coordination of
both inductive and capacitive coupling mechanisms.

7.4. Losses in hybrid WPT systems

HWPT systems are inevitably plagued by multiple
types of losses due to more power transfer paths

and multiple types of electromagnetic coupling mech-
anisms in a single structure. These losses have a
noticeable effect in the system efficiency, thermal
performance and long-term reliability. Compared to
the conventional single path WPT systems, the hybrid
system presents additional loss sources caused by the
use of multiple resonant components, the operation
at broader frequency ranges, and the stronger elec-
tromagnetic field interaction [82, 86]. The losses are
due to the electromagnetic, electrical and material
effects and are highly influenced by the operating
frequency, magnitude of the voltage and current, cou-
pling conditions, compensation network design, and
the surrounding environment. Therefore, to reach
high efficiency levels in HWPT systems, careful loss
reduction is needed on as many levels as the compo-
nent and the overall system [84].

7.4.1. Copper losses in hybrid WPT systems
Copper losses are some of the dominating loss

mechanisms in HWPT systems. They are originat-
ing from the ohmic resistance of transmitting and
receiving coils, interconnections and compensation
networks and increase with the square of the cur-
rent. In hybrid architectures, these losses are typically
greater than in single path WPT systems because of
the existence of multiple resonant channels and the
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Table 4. Recommended strand gauge for a variety of frequency
ranges.

Frequency range AWG Strand diameter in (mm)

100 kHz to 200 kHz 40 0.0799
200 kHz to 350 kHz 42 0.0635
350 kHz to 850 kHz 44 0.0508
850 kHz to 1.4 MHz 46 0.0398
1.4 MHz to 2.8 MHz 48 0.0316

circulations of higher currents in inductive and ca-
pacitive paths.

At high operating frequencies, copper losses are
greatly aggravated by the skin effect as well as the
proximity effect. The skin effect causes alternating
current to be concentrated near the surface of the
conductor and thereby decreases the effective cross-
sectional area and increases AC resistance [16, 86].
The skin depth is given by [18]:

δ =

√
ρcopper

π fswµ0µr
(3)

where ρcopper is the electrical resistivity of copper, f is
the working frequency, µr is the relative permeability
of conductor and µ0 is the permeability of free space,
which is equal to (4π×10−7 H/m).

The proximity effect further increases to copper
losses because of the magnetic field interactions be-
tween adjacent conductors such as closely spaced coil
turns that cause eddy currents and current distribu-
tion distortions. Both effects are particularly severe
in the case of compact coil geometries and high fre-
quency HWPT systems.

To reduce these frequency dependent losses is the
reason that Litz wire is used extensively for HWPT
applications. Its structure of many thin, individually
insulated strands allows current to be distributed
more uniformly and greatly reduce skin and prox-
imity effects (hence, AC resistance will be lower and
efficiency will be improved) [16]. The recommended
values of strand diameter and strand count, according
to the American Wire Gauge (AWG) standard, for dif-
ferent frequency ranges are summarized in Table 4 in
order to ensure minimum AC resistance and optimum
high-frequency performance [96].

The effectiveness of Litz wire in reducing copper
losses is further illustrated in Fig. 20, which compares
the current density distribution in a solid copper con-
ductor and a Litz wire. As shown, the solid conductor
exhibits strong surface current concentration due to
the skin effect, whereas the Litz wire demonstrates
a much more uniform current distribution across its
cross-section, confirming its superior performance for
high-frequency operation [97].

Fig. 20. Skin effect in terms of current density for copper cable
versus Litz wire (a) Current density in a copper cable (b) Current
density in litz wire.

Overall, optimizing copper losses in HWPT systems
needs carefully weighing of the hardware factors of
operating frequency, conductor geometry and mate-
rial selection. The use of appropriately designed Litz
wire along with optimized coil winding geometry
and appropriate compensation network design plays
a critical part in ensuring high efficiency, as well
as thermal stress and reliable operation for HWPT
applications.

7.4.2. Ferrite losses in hybrid WPT systems
Ferrite materials are popularly used in HWPT sys-

tems because of their good magnetic characteristics,
which allow for good magnetic flux guidance, in-
creased coupling between transmitter and receiver
coils, and reduced electromagnetic leakage. Ferrites
are the ferrimagnetic materials consisting of fine mag-
netic particles, which are glued together to attain
solid form, have high magnetic responsiveness and
are easily shaped, making them well suited for prac-
tical WPT applications [20, 34].

In HWPT systems ferrites are especially compatible
with inductive coils. Their high relative permeabil-
ity (µr > 1000) allows for low reluctance paths for
magnetic flux and their very low electrical conduc-
tivity allows for low formation of eddy currents. As
a result ferrite cores or backing layers are widely
used for improving coupling coefficients and mutual
inductance and often used behind coils as magnetic
shielding for reducing stray flux and improving elec-
tromagnetic compatibility [22, 82, 98]. Despite these
advantages, ferrites cause magnetic losses, mainly
hysteresis losses and eddy current losses, although
the influence of this loss is not too high when ferrite
materials with narrow hysteresis loops are chosen
[98].

In hybrid configurations, such losses might be
affected by interactions between several electromag-
netic fields in composite inductive-capacitive struc-
tures, thus making the careful material choice and
magnetic design of such structures important. Stud-
ies show the use of high-performance ferrites with
low coercivity and low loss factors in combination
with optimized geometries enable the advantages of
ferrites to be fully exploited with low losses even
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under strong magnetic fields in HWPT systems [89,
91, 94].

7.4.3. Eddy current losses in conductive plates
In HWPT systems, time-varying magnetic fields

near conductive plates or grids induce eddy currents
due to the alternating magnetic flux associated with
inductive coupling. These currents circulate within
conductive structures such as capacitive plates,
shielding layers, or metallic supports, generating op-
posing magnetic fields in accordance with Lenz’s law
and dissipating energy as heat because of the mate-
rial’s finite electrical resistance. Consequently, eddy
currents represent an additional loss mechanism that
can degrade system efficiency if not properly miti-
gated [84, 85].

The power dissipated by eddy currents in a conduc-
tive body is given by

Peddy = ρ ∫
V

J2dV (4)

where ρ is the electrical resistivity of the material
and J is the induced current density over the volume
V, indicating that higher-resistivity materials gener-
ally lead to lower eddy current losses. These losses
strongly depend on the magnetic field variation and
the properties of the conductive structures, including
geometry, thickness, electrical conductivity, mag-
netic permeability, operating frequency, and field
magnitude. While large continuous metallic plates
promote extensive eddy current loops and higher
losses, segmented or slotted designs interrupt cur-
rent paths and effectively reduce induced currents
[84, 85].

7.4.4. Losses in compensation network elements (ESR
losses)

In HWPT systems, resonant compensation networks
based on inductors and capacitors are essential for
efficient power transfer and resonant operation; how-
ever, their non-ideal nature introduces losses due
to equivalent series resistance (ESR), which appear
as heat dissipation and reduce system efficiency. In
inductors, ESR results from winding resistance and
frequency-dependent skin and proximity effects, and
remains non-negligible even in air-core inductors
due to finite conductor resistivity. In capacitors, ESR
arises from dielectric losses and resistive effects of
electrodes and internal connections. Owing to the
large circulating reactive currents in compensation
networks, even small ESR values can cause significant
I2R losses [84, 87].

The impact of ESR is commonly quantified us-
ing the quality factor Q, defined for inductors and

capacitors as

QL =
ωL
RL
,QC =

1
ωCRC

(5)

Where ω is the angular operating frequency, L and C
denote the inductance and capacitance values, and RL
and RC represent the ESR of the inductor and capac-
itor, respectively. By rearranging these expressions,
the corresponding ESR values can be obtained as

RL =
ωL
QL
, RC =

1
QCωC

(6)

It is well established that high quality factor (Q)
components are crucial for minimizing ESR-related
losses, particularly at high frequencies where reac-
tive currents are large and quality factors degrade,
often causing discrepancies between theoretical and
experimental efficiencies. Therefore, selecting high-Q
inductors and capacitors and designing compensa-
tion networks that limit excessive circulating reactive
power are key to achieving high-efficiency hybrid
WPT systems [84].

7.4.5. Switching losses in hybrid WPT systems
In HWPT systems, switching losses mainly result

from the high-frequency operation of power con-
verters that simultaneously excite the inductive and
capacitive coupling paths at a single operating fre-
quency. These losses occur during the turn-on and
turn-off transitions of semiconductor devices, when
voltage and current overlap across the switch and
cause instantaneous power dissipation. As the oper-
ating frequency increases, the number of switching
events rises accordingly, leading to higher cumula-
tive switching losses and placing practical limits on
overall system efficiency [82, 89].

To minimize these losses many HWPT architectures
are based on well designed resonant compensation
networks that provide near soft switching opera-
tion, especially zero voltage switching (ZVS). Under
properly tuned resonant conditions, the inverter
switches are commutated when drain-source is close
to zero and thus the amount of energy dissipated in
each switching process is reduced significantly. Both
experimental measurements and simulation results
reported in the literature confirm the effectiveness
of appropriate resonance shaping in order to reduce
switching losses while, at the same time, reducing
voltage stress on power devices also at relatively high
operating frequencies [84, 93, 95].

The selection of semiconductor technology also has
an impact on switching associated losses in single
frequency HWPT systems. Several studies empha-
size the implementation of wide-bandgap devices,



20 AUIQ TECHNICAL ENGINEERING SCIENCE 2026;3:1–24

Table 5. Comparison of near-field wireless power transfer techniques.

Ability to pass Misalignment
WPT Type Transmission channel Frequency Distance through obstacles Efficiency (%) Tolerance

IPT Magnetic Fields kHz Well (cm -m) Low good Low
CPT Electric Fields MHz Poor (mm) Medium Medium High
HWPT Magnetic and Electric Fields (kHz ∼ MHz) Better High good Better

e.g., gallium nitride (GaN), and silicon carbide (SiC)
transistors, because of their ability to achieve fast
switching capability and low parasitic capacitances
and switching energy compared with conventional
silicon devices. These features make wide-bandgap
devices especially suitable for high frequency HWPT
operation, where switching losses would be the major
efficiency-degrading factor [85, 99].

8. Comparison of inductive, capacitive, and
hybrid WPT systems

Concluding on this review study, a full comparison
of the three major methods of near-field WPT in terms
of inductive, capacitive, and hybrid methods has been
made, and is as is shown in Table 5. The comparison
reveals that IPT systems tend to be most applicable
in the areas where the transfer of power and high
efficiency are necessary, but those systems are also
likely to be affected by misalignment and conductive
conditions. By contrast, the CPT systems provide a
simpler overall coupling arrangement and superior
compatibility with metallic environments, but are
generally restricted in terms of transfer distance and
power output this can be reached. The HWPT systems
combine the two inductive and capacitive coupling
methods into a common transmission system in which
the magnetic and electric field coupling may interac-
tions. This combination allows the hybrid systems to
overcome a number of the drawbacks of single-mode
methods, leading to a higher level of robustness,
increase in misalignment tolerance and a broader
operating range. In general, this review finds that
HWPT is an opportunity in the future development of
WPT systems, especially when efficiency, transferred
power, air-gap distance, and system adaptability are
to be balanced.

9. Conclusion

The review presents an in-depth analysis of in-
ductive, capacitive and HWPT technologies, together
with a special focus on hybrid technologies as
these are becoming increasingly relevant in current
wireless charging applications. While inductive and
capacitive methods both have their own unique ad-

vantages, their actual implementation is frequently
limited by factors concerning efficiency, voltage and
current stress and sensitivity to misalignment. HWPT
systems solve these issues by allowing power to be
shared between inductive and capacitive power paths
which can solve the problem of excessive current in
inductive components and high voltage stress across
capacitive interfaces. This is a balanced operation,
which helps to contribute to an improved overall
efficiency as well as improved system reliability. The
success of hybrid systems is greatly affected by the
design of compensation networks which are cen-
tral to the specification of the resonance behavior,
power transfer capability and robustness under dif-
ferent coupling and load conditions. Despite these
advantages, the results of the loss mechanisms anal-
ysis suggest that the copper, magnetic, dielectric
and power electronic losses are the main factors im-
pacting the system performance. As a result, high
efficiency in HWPT systems requires carefully and
cooperatively developed couplers, compensation cir-
cuits and operating conditions. Overall, HWPT is an
exciting and viable direction to take for the future
of wireless charging technologies, especially in the
electric vehicle applications. Continued research that
targets optimized compensation strategies, reduction
of losses and integrations of the systems at the system
level are likely to further advance the efficiency, re-
liability and feasibility of these systems in real-world
deployment environments.
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