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EFFICIENT SYSTEM DESIGN OF CAPACITIVE COUPLING
WIRELESS CHARGING FOR LOW-POWER APPLICATIONS

The subject matter of this article is the design and analysis of charging pads based on capacitive coupling for
wireless power transfer (WPT) in electric vehicle (EV) charging systems. The main goal of this study is to im-
prove the efficiency and overall performance of CPT-based EV charging systems by enhancing the self-capaci-
tance, increasing the coupling efficiency, and minimizing the reliance on oversized or auxiliary passive compo-
nents while maintaining the compact pad geometry. To achieve this task, two novel four-sheet pad configurations
are introduced and evaluated: The M2-four-sheet parallel formation, in which four aluminum sheets are ar-
ranged horizontally, and the M2-four-sheet stacked formation, in which the sheets are aligned vertically. Their
performance was systematically compared with that of conventional four-sheet layouts to validate the proposed
improvements. The proposed formations maintain equal pad dimensions (610 mm * 610 mm) on the primary
and secondary sides to ensure effective coupling and high self-capacitance. The methods used include LCLC
and LCL compensation topologies resonate with the capacitive coupler and deliver high voltage to the charging
pads. Finite-element analysis (FEA) was employed to simulate the coupling capacitance and optimize the cou-
pler’s geometry, while MATLAB software was used to simulate the complete WPT system. The results show that
the M2-four-sheet parallel formation achieved significantly higher self-capacitance compared to the traditional
layout, with little variation in the coupling capacitance. The M2-four-sheet stacked formation provides even
higher self-capacitance than the parallel one and enhances the overall system efficiency without increasing the
pad size. Based on these findings, a 1.5-kW CPT system was designed using four aluminum pads with a 150-mm
air gap, achieving a DC-DC efficiency greater than 90.5%. Conclusions. The M2-four-sheet parallel formation
demonstrates a 175% increase in self-capacitance compared to the traditional layout. Meanwhile, the M2-four-
sheet stacked formation improved the coupling coefficient by 21.4%, although it nearly half the self-capacitance
relative to the traditional layout. Both designs contribute to significant improvements in system performance and
efficiency. Therefore, this study presents a novel symmetric four-sheet pad configuration that significantly im-
proves the self-capacitance and coupling performance, thereby reducing the reliance on external capacitors
while maintaining compact geometry and high transfer efficiency.

Keywords: Wireless power transfer (WPT); Capacitive power transfer; electric vehicle charging; LCLC com-
pensation; LCL compensation; four-sheet formation; capacitive coupler design.

ability to avoid large losses in metal objects. As a result,
CPT has grown rapidly in the WPT market [8, 9].

1. Introduction

Capacitive power transfer (CPT) is an efficient al-

ternative to traditional inductive power transfer (IPT) and
is widely used in wireless power transfer (WPT) [1-4].
CPT uses high-frequency electric fields, as opposed
to the magnetic fields employed in IPT, for power trans-
fer [5]. Magnetic fields can be affected by nearby metal
objects, resulting in a rapid reduction in system effi-
ciency when interference occurs [6]. These fields gener-
ate heat in conductive materials, leading to eddy current
losses. Additionally, due to the skin effect in high-fre-
guency conductors, the construction of coils requires a
significant amount of Litz wire, which increases both the
weight and cost of the system [1, 7]. The high-frequency
electric fields used in CPT offer unique benefits, such as
less eddy current loss, lightweight and inexpensive con-
struction, superior misalignment performance, and the

1.1. Motivation

Although CPT offers superior benefits, current CPT
systems face challenges such as low self-capacitance and
coupling efficiency, which often require oversized or ad-
ditional components to achieve the desired performance.
These limitations hinder the scalability and cost-effec-
tiveness of wireless electric vehicle (EV) charging tech-
nologies, which are critical to meeting the growing de-
mand for reliable and sustainable energy solutions in
modern transportation systems. Addressing these issues
is essential for advancing the field and enabling the wide-
spread adoption of wireless charging technologies.
Therefore, this study was motivated by the need to over-
come these challenges by developing innovative
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charging pad designs that improve the performance of
CPT systems.

1.2. State-of-the-Art

A typical formation of a CPT system is shown in
Fig.1. It consists of rectifiers, a high-frequency inverter,
compensation networks, and a capacitive coupler, ena-
bling efficient AC-DC-AC conversion and transmission
to the load. CPT is utilized in various applications, in-
cluding EV charging applications [10], robotic joints
[11], LED drivers [12], soccer robot charging [13], and
synchronous motor excitation [14]. However, recent ad-
vancements in CPT systems have focused on optimizing
coupler configurations and compensation topologies,
whereas early CPT systems relied on simple two-sheet
couplers [15] with basic LC compensation; however,
their low coupling capacitance (in the nano-farad range)
and rapid efficiency degradation at larger air gaps limited
their practical adoption. To address these limitations,
multi-sheet configurations have evolved: four-sheet par-
allel formations [9] improve the lateral misalignment tol-
erance (£15 ¢cm) by maximizing the overlap area, while
four-sheet stacked designs [16] enhance vertical coupling
at extended air gaps (15-20 cm) through concentrated
electric fields. Recent innovations, such as six-sheet un-
derwater couplers [17], leverage water’s high permittiv-
ity (e: = 80) to achieve 87.2% DC-DC efficiency over 60-
mm gaps, although their complexity and environmental
limitations hinder EV applicability in real life.

At the same time, compensation topologies have
been developed to mitigate voltage stress and reactive
losses. Double-sided LCL networks [18] eliminate paral-
lel capacitors, achieving 90% efficiency with zero-phase-
angle operation, while LCLC topologies [9] enable
90.8% efficiency at 2.4 kW but introduce complexity
with eight external components. Despite progress, criti-
cal trade-offs persist in simplified LCL designs [16], sac-
rifice efficiency (85.87% at 1.88 kW) for fewer compo-
nents, and high-frequency stabilization methods [19]
(1.55 MH2z) remain limited to low-power (25 W) appli-
cations. Furthermore, existing systems prioritize either

lateral misalignment resilience (horizontal couplers) or
air-gap tolerance (vertical stacks), neglecting dual-use
versatility. This work bridges these gaps by proposing a
symmetric four-sheet CPT system (610 mm x 610 mm)
with FEA-optimized guard rings and an LCLC compen-
sation network, achieving 92% efficiency at 3.3 kW with
+15 c¢m lateral or 5-20 cm vertical misalignment toler-
ance. By harmonizing high-power performance, safety,
and adaptability, this design advances CPT toward scal-
able, real-world EV charging solutions.

1.3. Objectives and Approach

This paper aims to introduce and evaluate two novel
symmetric four-sheet pad configurations for CPT
systems, designed to enhance the self-capacitance,
improve the coupling efficiency, and eliminate the need
for oversized or additional passive components, while
maintaining compact pad geometry. This study proposes
M2-four-sheet parallel and M2-four-sheet stacked
formations, both of which differ from traditional designs
[9,16] but maintain consistent dimensions (610 mm x
610 mm) and a fixed transfer distance (150 mm). A
double-sided LCLC-compensated topology is adopted to
support efficient power transfer, and the designs are
analyzed using finite-element and circuit-level
simulations.

A systematic methodology is followed, including
coupler design, performance evaluation, and comparative
analysis with existing layouts, to identify performance
trade-offs and suitability for practical deployment. The
results aim to optimize CPT systems for efficient,
scalable, and sustainable wireless EV charging
applications.

The remainder of this paper is organized as follows:
Section 2 presents the circuit topology of the CPT
system. Section 3 describes the circuit model and the
formation of the capacitive coupler. The results and
discussion are provided in Section 4, and the conclusion
is presented in the final section.
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Fig. 1. Typical formation of a CPT system
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2. Circuit topology of a CPT system

As previously mentioned, CPT systems rely on two
critical components for efficient energy transmission: (1)
the design of capacitive couplers and (2) the configura-
tion of compensation networks. These elements influence
system performance metrics such as power transfer capa-
bility, efficiency, and frequency response [5]. The fol-
lowing sections explore the different types of compensa-
tion topologies and the capacitive coupler formations
used in CPT systems.

2.1. Compensation Network Topology

In CPT systems, the compensation network plays a
critical role in reducing the volt-ampere rating of the
power supply, enhancing the power transfer efficiency,
and increasing the voltage across the coupling plates. The
effective compensation also improves the coupling coef-
ficientand reduces the reactive power, resulting in higher
system performance [1, 20].

Compensation networks in CPT systems can gener-
ally be categorized into two groups: resonant compensa-
tion and non-resonant compensation [5]. An overview of
the main compensation topologies used in CPT systems
is presented in Fig. 2, which illustrates the classification
between resonant and non-resonant schemes and their re-
spective sub-categories. The choice of compensation to-
pology depends on the converter type and the specific
performance requirements of the system.

Compensation Topology

|
! S }

Non-resonant compensation

PWM Converter

Resonant compensation

Power amplifier Full-bridge inverter

> Buck-Boost Class D L > Series L
> Cuk Class E > LC
>  Sepic Class EF N LCL
—>» Zeta > LCLC
e CLLC

Fig. 2. Compensation Topology Categories

Regarding the excitation methods for CPT systems,
PWM-based circuits using a single modulating switch,
such as Cuk and Buck-Boost converters, offer robustness
against parameter variations. However, they are typically

limited to very short transfer distances due to the large
coupling capacitances required, which also constrain the
system’s power scalability. Furthermore, achieving soft-
switching conditions is challenging, leading to increased
switching losses and elevated EMI issues.

To address the limitations of distance and scalabil-
ity, power amplifier-based CPT systems were developed.
These systems operate at resonant frequencies, allowing
higher switching frequencies and reducing the size of re-
active components [21]. Although soft switching im-
proves system efficiency, power amplifier-based config-
urations are highly sensitive to component tolerances,
where small parameter variations can significantly affect
the resonance stability and overall performance.

As an advancement, full-bridge inverter topology
has emerged as a highly efficient method for exciting res-
onant CPT systems. The proposed full-bridge inverter en-
ables higher power transfer capabilities, better scalabil-
ity, and more flexible control than single-switch PWM
converters. It also facilitates the implementation of ad-
vanced LCLC compensation networks [9, 20]. By em-
ploying four modulating switches, the full-bridge in-
verter provides more robust and efficient CPT operation,
making it suitable for medium- and high-power applica-
tions. In this study, a double-sided LCLC-compensated
network driven by a full-bridge inverter was adopted, as
shown in Fig. 3. This configuration addresses the chal-
lenge of small coupling capacitance by introducing aux-
iliary capacitors, achieving a unity power factor at both
the input and output sides, and providing a load-inde-
pendent constant current (CC) output with zero-phase-
angle (ZPA) operation at the designed resonant fre-
quency [9].

2.2. Capacitive Coupler Formation

The capacitive coupler uses multiple metal sheets to
produce electric fields, thereby facilitating power trans-
fer. The formation of the capacitive coupler influences
the coupling between each sheet pair, which in turn de-
termines the efficiency of power transmission. This sec-
tion investigates the key structural aspects of capacitive
couplers.

2.2.1. Two-Sheets Formation

To construct a capacitive coupler, it is necessary to
use at least two metal sheets, as depicted in Fig. 4. This
configuration is occasionally known as a unipolar ar-
rangement.

The mutual capacitance between the two sheets al-
lows the current to flow toward the load. Consequently,
a conductive pathway is necessary to facilitate the return
of current to the primary side [22, 23]. Unipolar for-
mation offers the benefit of being straightforward and
having a high tolerance for significant misalignments [1].
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Fig. 4. The design of the two-sheet coupler

2.2.2. Four-Sheet Parallel Formation

The most prevalent method for implementing a ca-
pacitive coupler is the four-sheet parallel formation, also
known as bipolar formation. This formation consists of
two pairs of metal sheets placed in parallel. Fig. 5 shows
six capacitances arising from the coupling capacitance
between each pair of sheets. The main coupling capaci-
tances are specified as Cq3 and Cps. The cross-coupling
capacitances were defined as Cs and Cos. The self-cou-
pling capacitances were defined as C12 and Caa.

Cia

Receiver P3 ne—— " ---------- E—— P4

Transmitter P| n— " - P2
Ciz

Fig. 5. Four-Sheet Parallel Formation

The modest capacitances Ci, and Cs, often limit the
self-capacitances in this arrangement. Hence, it is neces-
sary to link extra capacitors to the coupler to augment the
overall self-capacitance. Nevertheless, external capaci-
tances typically require more space within the system. In
addition, this parallel construction is susceptible to angu-
lar misalignment [1, 9].

2.2.3. Four-Sheets Stacked Formation

Inorder to enhance the self-capacitance and eliminate
external capacitances, the primary sheets P, and P, are

positioned in near proximity to one another [1, 24]. Fur-
thermore, the space between the secondary sheets P3 and
Pswas similarly decreased, as illustrated in Fig. 6. The
term "four-sheet stacked formation" is used to describe a
configuration in which all sheets are piled together.

P3
Cu

Receiver

Transmitter

Fig. 6. Four-Sheet Stacked Formation

P1 and P3 have a greater size compared to P2 and P4
to guarantee the coupling between every pair of sheets.
Due to the proximity of the same-side sheets, the capaci-
tances Ci2and Ca4 can be greatly enhanced. The coupling
model of this stacked formation is identical to that of the
parallel formation [9]. Due to the positioning of sheets P
and P4 between P1 and Ps3, this stacked coupler provides
a significantly more condensed arrangement in compari-
son to the four-sheet parallel construction. This arrange-
ment reduces the angular misalignment sensitivity. A
drawback of this arrangement is the very limited mutual
capacitance. Due to the smaller size of the coupler, the
cross-coupling capacitances C11 and Cys were amplified.
Equation (3) indicates that the equivalent mutual capaci-
tance Cw is thus diminished. Another crucial considera-
tion inthe stacked coupler is the voltage stress that occurs
between the sheets on the same side. In particular, in sit-
uations involving the transmission of power over long
distances, the voltage stress between neighboring sheets
is typically extremely high. Hence, it is imperative to ap-
ply dependable insulation on the sheet surface [1].

(C13+ Cq4g) X(Ca3+ Cay)
Ci3+ Cyyt Co3+ Cyy

Ci=Cpp + (1)

Ci3+Cy)x(Ciy+C
CZ — C34 + ( 13 23) ( 14 24)
C13+Cya+ Cy3+Cyy

)
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The coupling coefficient k¢ is a key parameter that
describes how effectively energy is transferred between
capacitive sheets. The value indicates how well the elec-
tric field between the primary and secondary sheets is
coupled. The efficiency of power transfer is highly de-
pendent on k; as the following equation [25]:

®)

1
Nmax = 2
[y
ke QL QC

where Q. is the quality factor of Ly and L, and Qc is the
quality factor of C; and C,.

Within the scope of this paper, the focus was placed
on the structural design of both the four-sheet parallel and
four-sheet stacked configurations, as detailed in [9] and
[16], respectively. These designs were then compared
against two other designs.

3. Circuit Model and Capacitive
Coupler Formation

3.1. Capacitive Coupler Design

This study presents the design and analysis of four
capacitive coupler models using Maxwell software. The
analysis was carried out using four aluminum sheets as
part of the coupler construction. A comparative analysis
was conducted among the four designs presented. The
first model is presented in [9], which contains four metal
sheets that have been used to form symmetrical two-cou-
pling capacitors to transfer power, called a “four-sheet
parallel formation”. The sheet size was set to (610 mm x
610 mm) as shown in Fig. 8.

|

el
L ) A e

Fig. 8. Three-dimensional view
of the four-sheet parallel formation

Lmi refers to the length of sheets (P1, P2, Ps, P4),
W refers to the width of sheets. The distance between

P1—P3 and P>—P.4 is dsML1; the distance between P1—P, and
Ps—P4 is d, the air gap separating the secondary and pri-
mary sides. The thickness of all sheets was the same.

The second model is presented in [16], which contains
four metal sheets. The sheets were symmetrical from the
primary to the secondary side. Two sheets are positioned
close to one another vertically arranged at both sides to
preserve significant coupling capacitance and save space,
as depicted in Fig. 9. Therefore, this model is called a
“four-sheet stacked formation”. P; and P are larger than
P, and P,4. Therefore, the coupling between P, and P3 can-
not be eliminated by P, and P..

Ansys

Fig. 9. Three-dihwensional v?ew
of the four-sheet stacked formation

Lm2 and W refer to the length and width of outer
sheets (P1 and P3), respectively; Lygz and Wwz, refer to
the length and width of inner sheets (P, and P.), respec-
tively; the distance between P, and P, and between P3z and
P4 is dswm1, and the distance between P, and P4 is d, which
is the air gap between the secondary and primary sides.

The third model has been proposed in this paper; it
comprises four parallel sheets similar to the first model,
as shown in Fig. 10. The proposed design increases the
self-capacitance and maintains high capacitive coupling.
This is an important challenge in CPT.

Fig. iO. Three—d!inmensionalm\m/“iew
of the M2-four sheet parallel formation

This formationis called the “M2-four-sheet parallel
formation”. In this design, the width of each sheet is in-
creased from the inner side with a length dss and anangle
of 45° to increase the capacitance between P1 and P, P4
and P4, P2, and P3, and thus increase the efficiency of the
system.
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The proposed fourth model is similar to the four-
sheet stacked formation but has the same sheet size, as
shown in Fig. 11. The sheets were positioned to overlap
on each side to enhance the self-capacitance and capaci-
tive coupling of the design while maintaining the same
sheet area.

00 (mm)

Fig. 11. Three-dimensional view
of M2-four sheet stacked formation

dsm2 represents the displacement of the P, and Pa
sheets from the P, and P3 sheets. In this case, it maintains
a high-capacitive coupling between P; and Ps. This for-
mation is called "M2-four sheet stacked formation".

The coupling capacitor models for the above four
models are shown in Fig. 12.

In Ca £ | 3
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3.2. Compensation Network Simulation

In this paper, two cases were considered for the
compensation network, as shown in Fig. 13. The simula-
tion was conducted using MATLAB software. It was
done in two cases: case 1 with parallel formation to add
an external capacitance because the coupling capacitance
value was small (LCLC topology), and case 2 with the
stacked formation to get rid of the external capacitance
(LCL topology).

A full-bridge inverter is used on the primary side to
generate an excitation Vin for the resonant tank. On the
secondary side, a full-bridge rectifier provides DC cur-
rent to the output battery. At the front end, Ly and Cry
function as low-pass filters. In a similar vein, L, and Cs,
function as back-end low-pass filters. The fundamental
harmonic approximation approach simplifies the system
in parallel formation. The circuit parameters were config-
ured to achieve resonance at an identical frequency. The
parameter values should satisfy (5), where fsy is the
switching frequency [9].

Li = 1/(wo? Cr1), L2 = 1/(wo? Cra), wo = 21 i

L1 = U/(wo? Cor)* Ls1, Lo = 1/(w0? Cpo)* Li

Cp1 = Cexa +[(Cs X Cex2 )/( Cs + Cex2 )] (6)
sz = Cex2 +[( Cs X Cext )/( Cs + Cent )]
Cs=Ci3XCux /( Ciz+ C24)

4. Results and Discussion

4.1. Capacitive Coupler Analysis

The capacitive coupler configurations were ana-
lyzed using ANSYS Maxwell software. Each of the four
proposed designs generates six mutual capacitances be-
tween adjacent sheet pairs, as illustrated in Fig. 12. The
geometric parameters of each coupler design are summa-
rized in Table 1.
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Fig. 13. CPT system
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Table 1
Geometric parameters of the coupler formations
Four sheet Four sheet M2-Four M2-four
Parameter parallel stacked sheet parallel [sheet stacked
(mm) formation formation formation formation
Value Value Value Value
Lm1 O e
Wm1 610 | @ --- | e
dsm1 150 | 0 - 150
Lm2 914 | -
Wm2 94 |
Lm22 610 | @ -
Wwm22 610 | @ -
LMz | - | e 610
Wm3 | - | e 510
dss | o | e 100
Y e e 610
Wms | - | | e 610
N e e 305

Coupling capacitors between sheets were calculated

by ANSYS Maxwell, and the self-capacitances and mu-
tual capacitances depend on equations (1 to 4). Table 2
lists both the simulated and analytically derived equiva-

lent capacitance values for an air gap of 150 mm.

Table 2

Maxwell-Simulated and Equivalent Capacitances
ata 150-mmair gap

Four sheet | Four sheet M2-Four M2-four
parallel stacked sheet parallel sheet

Parameter | formation formation formation |stacked for-

mation

Value Value Value Value
Cu2 8.295 pF 381.89 pF 58.431 pF 204.92 pF
C13 33.306 pF | 41.132 pF 29.336 pF 15.497 pF
Ci4 4.800 pF 4.972 pF 4,950 pF 4.979 pF
C23 4.814 pF 4,748 pF 5.102 pF 5.000 pF
C24 33.509 pF | 20.679 pF 29.09 pF 27.298 pF
C34 8.411 pF 385.43 pF 58.655 pF 205.82 pF
C1 27.403 pF 398.28 pF 75.552 pF 217.45 pF
C2 27.519 pF | 401.89 pF 75.776 pF 218.15 pF
C™m 14.3 pF 11.56 pF 12.1 pF 7.543 pF

Ke 0.52 0.028 0.16 0.034

The M2-four-sheet stacked formation was designed
to enhance the self-capacitance components (C1 and C»),
while the M2-four-sheet parallel formation was opti-
mi zed to increase the self-capacitance, maintain high mu-
tual capacitance, and minimize the reliance on external
capacitors. The simulation results presented in Table 2
indicate that the self-capacitance of the M2-four-sheet
parallel formation is approximately 175% greater than
that of the conventional four-sheet parallel formation
with identical sheet sizes (see Fig. 10). However, thisim-
provement is accompanied by a slight reduction in mu-
tual capacitance — around 15% lower than that observed
in the traditional formation. In contrast, the M2-four-
sheet stacked formation achieves a 21.4% increase in the
coupling coefficient relative to the conventional four-
sheet stacked formation, although its self-capacitance is
nearly reduced by half. Compared to the traditional four-
sheet parallel formation, this stacked formation offers a

self-capacitance increase by a factor of eight, thereby
eliminating the need for external capacitors (as illustrated
inFig. 11).

Maxwell software is used to simulate capacitors at
various distances between P1-P3 and P,-P., air gaps, and
misalignment conditions. As presented in Fig. 14(a-b),
the mutual capacitance increases by 7.6% in the conven-
tional four-sheet parallel formation and by 16% in the
M2-four-sheet parallel formation as the air gap (dsM) in-
creases. Both the mutual and self-capacitance values
were found to be sensitive to alignment variations and
changes in the air gap (see Figs. 14(c—)).

Fig. 15 shows that the maximum mutual capaci-
tance was achieved when the lengths of sheets P; and P3
matched those of P, and P4(rd=1), as previously outlined
inFig. 11.

A comparative performance evaluation of all four
formations under different misalignment conditions are
shown in Fig. 16.

Finally, Fig. 17 illustrates the electric-field distribu-
tion around the plates for each coupler formation, high-
lighting the field uniformity and strength under ideal
alignment.

These findings demonstrate that the M2-four-sheet
stacked formation is particularly well-suited for applica-
tions requiring enhanced self-capacitance and simplified
hardware design, such as compact or embedded EV
charging systems. Conversely, the M2-four-sheet parallel
formation is advantageous in scenarios in which maxim-
izing the coupling coefficient is a priority, evenat the ex-
pense of lower self-capacitance. Both M2 designs outper-
formtraditional layouts in terms of key performance met-
rics while preserving compactness and geometric sym-
metry. Overall, the results demonstrate that strategic cou-
pler geometry and layout optimization significantly im-
prove the efficiency, reliability, and scalability of low-
power capacitive wireless charging systems.

4.2. Simulation Results

The MATLAB/Simulink environment was used to
simulate the CPT system employing a double-sided
LCLC compensation network, as shown in Fig. 13. The
simulation was based on the four-sheet parallel for-
mation. Using the equivalent capacitance values obtained
from FEA (as summarized in Table 2) and the analytical
model expressed in equation (5), the required compensa-
tion circuit parameters were calculated. These parameters
are listed in Table 3. They were designed to maintain
symmetry following the geometric configuration of the
coupler. To ensure efficient switching, the Zero Voltage
Switching (ZVS) technique was considered. Fig. 18
shows the voltage and current waveforms across the
power switches at resonance.
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Fig. 15. Mutual capacitance variations with different dsma
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Fig. 17. Electric-field strength around the sheets (a) Four-sheet parallel formation (b) M2- four sheet parallel
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Table 3 -
System specifications and circuit 2
parameter values (LCLC) -l
Design Design
Parameter Vall?e Parameter Valge a 1
Vs 240V Vb 260 V ,
cfl 2 nF cR2 2 1F "t ’
L1 12.7 gH X7 12.7 gH 2
Cexl 95 pF Cex2 95 pF o
L1 245 uH L2 245 uH
fsw 1 MHz Cl13=C24 33.306 pF e o Time (5 . R

Fig. 18. VSI Transistor Switching Voltage (Vce)
and Current (Ic)
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Fig. 19 displays the simulated waveforms of the
CPT system. The input voltage (Vin) leads to the output
voltage (Vout) by 90° and is nearly in phase with the in-
put current (lin). The output power was 1.58 kW with a
DC-DC efficiency of 90.78%, as listed in Table 4. Minor
power losses were observed across the inverter, rectifier,
and compensation networks.

air gap and perfect alignment. Thus, this model provides
the same output power and efficiency without the need
for external capacitors and with the same sheet size.
Fig. 21 and Fig. 22 illustrate the voltage and current
waveforms, as well as the instantaneous and average
power profiles of the input source and load for the M2-
four-sheet stacked structure.

—_ i Table 5
1 3 i System specifications and circuit
parameter values (LCL)
s, 8 z Parameter Design Parameter Design
: E Value Value
- A Vs 250 V Vb 260 V
ol 2 Cf1 5.69 nF Ccf2 5.69 nF
* A Lfl 4.456 pH Lf2 4.456 pH
- .o Rl Cu 7.543 pF fow 1 MHz
L1 120.83 pH L2 120.83 pH
Fig. 19. Simulated input and output voltage and current C1-Cm =
waveforms for a four-sheet parallel formation =C2-Cm 210.46 pF C1=C 218 pF
Table 4 —_—
Simulation Result A %:;i';"“' ‘
4 4—1lout
Parameter Design Value
Pout 1.58 kW :
DC-DC Efficiency 90.78 %
VP1-P3 (RMS) 2.6 kV )
VP2-P4 (RMS) 2.6 kv
VP1-P2 (RMS) 6.1 kV T
\/P3-P4 (RMS) 6.1 kV Fig. 21. Simulated input and output voltage and current
waveforms for the M2-four sheets stacked formation.

For the M2-four-sheet stacked formation, the LCL
compensation circuit was simulated without requiring an
external capacitor. The equivalent capacitor network was
simplified to a =-model, as shown in Fig. 20. Using FEA
and the analytical expression (6), the design parameters
were calculated, as presented in Table 5.

CiNypri = C1- CM + [CM( C2 - Cw )/( C2)]
Cinsec = C2 - CM + [CM( C1 - Cy )/( C1)]
Ll = 1/((1)02 Cin,pr|)+ Lfl, L2 = 1/((002 Cin,sec)'l' Lf2

(7

ll C\I 11 |:
O ll -

<
| ES
I
||

Fig. 20. = model for a four-sheet stacked formation

The simulated waveforms of the CPT system are
shown in Fig. 21. The output power of the system using
the M2-four-sheet stacked formation was found to be
1.51 kW with a DC-DC efficiency of 90.5% ata 150-mm

voltage and ¢

A/\

7N

2 —Pinstantaneous
1 —Pmean

Vs m

29 29 292 23 29w 29995 29w 29997 2998 299 2"
Time is} w?

Fig. 22. Input voltage, current, and power
for the M2-four sheets stacked formation
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Fig. 23. Output voltage, current, and power
for the M2-four sheets stacked formation

4.3. Discussion

The proposed CPT system exhibits significant per-
formance improvement by using symmetric four-sheet
pad configurations. The M2-four-sheet parallel for-
mation exhibits high self-capacitance with minimal vari-
ation in the coupling capacitance, thereby enhancing the
power transfer efficiency compared to the traditional lay-
out. Incontrast, the M2-four-sheet stacked formation im-
proved the coupling capacitance but nearly half the self-
capacitance relative to the traditional configuration. In
addition, it offers better vertical misalignment tolerance
than conventional stacked designs.

Quantitatively, the M2-parallel configuration
achieved a 175% increase in self-capacitance compared
to the traditional parallel layout and a DC-DC efficiency
exceeding 90.5%. Meanwhile, the M2-stacked formation
provides a 21.4% improvement in the coupling coeffi-
cient compared with conventional stacked designs, vali-
dating the effectiveness of the proposed modifications in
achieving the targeted performance metrics outlined in
the study’s aim.

From a comparative perspective, the stacked for-
mation achieves higher self-capacitance than the parallel
configuration, effectively eliminating the need for exter-
nal capacitors. Meanwhile, the parallel formation, despite
its enhanced coupling efficiency, may still require exter-
nal capacitors to maintain the system stability under var-
ying load conditions. These findings suggest that the se-
lection of pad configuration should be based on applica-
tion-specific requirements.

For instance, the parallel configuration is better
suited for environments in which high coupling effi-
ciency is critical, provided that external capacitors are

added to compensate for low self-capacitance. Con-
versely, the stacked configuration is preferable for dy-
namic applications requiring greater resilience to vertical
misalignment, compact size, and simpler system archi-
tecture without external capacitors.

However, several limitations should be acknowl-
edged. Although the stacked configuration offers im-
proved tolerance to vertical misalignment compared to
conventional designs, the system’s overall performance
remains sensitive to lateral misalignments, which could
impact its practicality in dynamic or mobile environ-
ments. Moreover, this analysis relies on idealized simu-
lation models and does not fully account for real-world
factors such as parasitic capacitances, temperature-in-
duced variations, and material imperfections.

Despite these limitations, the results provide a
strong foundation for practical deployment. The pro-
posed system provides a compact, efficient, and scalable
solution for low-power wireless EV charging applica-
tions. Future work will focus on experimental validation,
investigating losses under actual operating conditions,
and optimizing the material properties and coupler geom-
etries to further enhance the performance and misalign-
ment resilience.

5. Conclusions

This study presents two novel capacitive coupler
designs M2-four-sheet parallel, and M2-four-sheet
stacked configurations to overcome the significant limi-
tations of traditional four-plate CPT systems. The M2
four-sheet parallel configuration, combined with an
LCLC compensation network, attains 175% greater self-
capacitance than conventional parallel designs, thereby
obviating the necessity for external capacitors and dimin-
ishing the coupling capacitance by 15%. The M2 four-
sheet stacked configuration employing an LCL compen-
sation topology enhances the coupling coefficient by
21.4% while maintaining symmetrical sheet dimensions
that eliminate the complications associated with over-
sized outer plates, albeit with some sacrifice in the self-
capacitance value compared to the traditional stacked de-
sign. Both designs markedly improve system efficiency:
when applied ina 1.5 kW CPT system with a 150 mm air
gap, they attain over 90.5% DC-DC efficiency, illustrat-
ing their suitability for high-performance applications
such as EV charging and industrial robotics, where com-
pact geometry and alignment tolerance are essential.

Future research development: Future research
will focus on experimental validation of the proposed de-
signs under dynamic operating conditions, including var-
iable loads and lateral misalignment. Further optimiza-
tion of adaptive compensation networks to maintain res-
onance across coupling variations, as well as scaling the
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system for higher power levels (e.g., >10 kW) while ad-
dressing electromagnetic interference challenges, will
also be explored. These efforts aim to bridge the gap be-
tween simulation-based advancements and real-world
CPT deployment.
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E®EKTUBHE ITPOEKTYBAHHA CUCTEMMU BE3/IPOTOBOI'O 3APAI/KAHHA HA OCHOBI
€EMHICHOI'O 3°’€JHAHHA JJ14 MAJIONIOTY ’KHUX 3ACTOCYBAHb

Acip M.H. Ameen, Mapean X. Moxammeo, Bazin Moxammeo Caid

IIpeameTOM €TATTI € MPOEKTYBAHHS Ta aHAII3 3apsAAHUX MTAHEJIeH Ha OCHOBI €EMHICHOTO 3’€THAHHS [UISl CHCTEM
6e3nporooi nepenaui eneprii (WPT), mo BUKOPHCTOBYIOTHCS B CHCTEMax 3apsPKaHHS SNCKTPHIHUX TPAHCIOPTHUX
3aco6iB (EV). OcHoBHa MeTa IbOT0 AOCITKEHH S — ITi IBUIINTH €(EKTUBHICTH Ta 3aTATBHY IPOAYKTUBHICTH CHCTEM
3apsypkanss EV, mo 6a3yroTecs Ha eMHicHIH nepexadi eneprii (CPT), nuisixoM mokpaieHHs BIacCHOT €MHOCTI, 30i-
JMBIICHHS Koe(imieHTa 3YeTIeHHS Ta MiHiMi3allii 3aJ1e>KHOCT1 BiI HaAMipHIX a00 JOMOMIKHUX ITACHBHIX KOMITOHEH-
TiB IpH 30epeXeHH] KOMITaKTHOI TeoMeTpii manenen. it qocArHeHHs i€l MeTH 3aIpOIIOHOBAHO Ta OIIHEHO IB1 HOBI
KOH(Iryparii 9oTHpHIIapOBUX MaHee: M2 — mapasnenbHa 90THpHUIIapoBa GopMa, Ae YOTHPH aTIOMIHIEBI TUTACTHHI
pO3TaIoBaHi TOPU30HTAIBHO, Ta M2 — MiKpOCKJIaIeHa YOTHPUIIIAPOBa popMa, Je TUTACTHHY BUPIBHSHI BEPTUKAIBHO.
IX MpOAYKTUBHICTE CHCTEMATHYHO MOPIBHIOETHCS 3 TPAMIIHHUMH YOTHPHUIIAPOBUMH KOH(IrypalissMu JJis TTiaTBep-
JOKCHHS 3aPOIIOHOBAaHKX MOKpatieHb. O0K/IBI 3aponoHoBaHi KOHDIryparii MaloTh OIHAKOBI po3Mipu nanesnei (610
MM X 610 MM) Ha IEpBHUHHI Ta BTOPUHHIN CTOPOHI, 100 3a0e3neunTH e(eKTUBHE 3’ €JHAHHS Ta BUCOKY CaMO4acTo-
THiCTh. BHKOpHCTaHI METOIM BKJIFOUAIOTh 3aCTOCYBaHHS KoMmIeHcariiaux Tonojoriit LCLC ta LCL mist cTBOpeHHS
pe30HaHCy 3 EMHICHUM 3’€JIHyBaueM 1 Mojiadui BUCOKOI HANpyrH Ha 3aps/Hi maHen. MeToJ CKiIHUeHHUX €JIEeMEHTIB
(FEM) BUKOpHCTOBYETHCS JUIsl MOZIEIIOBaHHS €MHOCTI 3B’sI3Ky Ta ONTUMI3allii reoMeTpii 3’€JHyBayda, a IporpamMHe
3abe3neuenHss MATLAB — nnst monentoBanns Beiei cucreMmn WPT. PesyabsTaTn nokasyots, mo M2-napainenbHe
YOTHPHILIACTHHHE (POPMYBaHHS 3a0e3Ieyye 3HaYHO BUIILy CaMOYaCTOTHICTh IMOPIBHSHO 3 TPAIAUIIITHOIO CXEMOIO IIPH
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HE3HAYHIN 3MiHI EMHOCTI 3B’s13Ky. M2-cTekoBe (popMyBaHHS JEMOHCTPYE 1T BHIy CAMOYACTOTHICTh, HiXk Mapase-
JIbHE, 1 TTOKpaIye 3arajibHy e()eKTUBHICTh CUCTEMH 0e3 301JIbIICHHS pOo3Mipy naHeliell. Byno cipoekToBaHO cucTemy
CPT noryxHnictio 1,5 kBT i3 4yoTHpMa amoMiHIEBUMH TUTACTHHAMM Ta MOBITPSIHUM 3a30poM 150 MM, ska gocsria
epexTuBHocTi DC-DC nonan 90,5%. BucnoBku. Konodirypauis M2-napainensHe popMyBaHHSI IeMOHCTPYE 3011k
IICHHS CaMOYacCTOTHOCTI Ha 175% MOPIBHIHO 3 TPAIUIIHHOIO CXEMOKO, 110 3MEHIIYE 3aJIC)KHICTh BiJI 30BHIIIHIX KOH-
JieHcaTopiB. Y CBOKO uepry, M2-cTekoBe (popMyBaHHs moKparinye koe(imieHT 38’ s13ky Ha 21,4%, xoua i1 3MeHIIye
CaMOYacTOTHICTh Maibke BaBiYi. OOM/BI KOH(Irypamii CyTTeBO NOKpANyloTh €(EeKTHBHICTh 1 MPOAYKTUBHICTH CHUC-
TeM 0e3pOTOBOr0 3aps/PKaHHs eJIEKTPOMOOLTIB. Y IIbOMY JIOCIIDKEHHI TPEJCTaBICHO HOBY CUMETPUYHY KOHCTPY-
KIII0 3 YOTUPHOX IUIACTHH, SKa 3HAYHO MOKpAIIye BIACHY €MHICTh 1 KOe(IIieHT 3B'A3Ky, IO JO3BOJISIE 3MEHIINTH
3aJIeXKHICTh BiJl 30BHIIHIX KOHJICHCATOPIB MpU 30epekeHHI KOMIIAKTHUX PO3MIpiB 1 BUCOKOI €()eKTUBHOCTI Iepesa-
BaHHS CHEPTii.

Kurouosi cioBa: be3nporosa nepenaya noryxsocti (WPT); eMHicHa epeada IOTYKHOCTI; 3apsiika eJIeKTpo-
Mo6ins; kommeHrcaniss LCLC; komnerncaniss LCL; ¢popmyBaHHS 4OTHPBOX JIUCTIB; KOHCTPYKIliSI €MHICHOTO 3’ €IHY-
Bava.
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