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Capacitive power transfer (CPT) technology has become a promising alternative solution for wireless
charging applications. This paper proposes a novel coupler design to form a resonant capacitor by insert-
ing dielectric material between two bent metal plates for each primary and secondary circuit. The main
purpose of the proposed coupler is to eliminate the external capacitors and solve the low coupling capac-

itance for CPT applications. A comparison to the conventional four-plate coupler is presented, which
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shows specifically higher coupling capacitance, lower required inductance, and lower cost. Finally, the
effectiveness of the proposed coupler structure is verified by simulation and experimental results.
© 2023 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
1.1. Overview

Although inductive power transfer (IPT) systems dominate the
wireless power transfer (WPT) technologies, recently capacitive
power transfer (CPT) systems also have received significant atten-
tion due to their outstanding benefits such as negligible eddy-
current loss, higher reliability, better misalignment performance,
lower cost, lightweight, and lower EMI [1,2]. The CPT technology
has many application areas in wireless charging concept. The LED
lighting [3], portable device charging [4], biomedical devices [5],
integrated circuits [6], and excitation of electric machines [7]
may be shown as some of the examples for low transfer distance
applications. The first example that comes to mind for large trans-
fer distance applications is the wireless electric vehicle (EV) charg-
ing both for IPT and CPT systems [8,9]. Compensation topologies,
converter topologies, and coupler structures play an essential role
in the performance of CPT systems and therefore they should be
designed carefully to obtain the desired power level to be compet-
itive. In addition, the effects of dielectric materials on capacitive
coupler structures have great importance for increasing the power
transfer capability and electric field strength [10].
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1.2. Literature survey

Filter-based topologies take crucial importance for compensa-
tion topologies. They reduce the required inductances and the
number of resonant components. For instance, double-sided LCLC
[11], double-sided CLLC [12], double-sided LCL [13], and double-
sided LC [14] compensation topologies are suggested for electric
vehicle (EV) charging applications. Furthermore, hybrid structures
are put forward to enhance the misalignment performance, such as
LC-CLC [15] and LCL-L [16].

Converter topologies also play a key role in CPT systems. A high-
frequency inverter is utilized to enable AC waveform for the reso-
nant devices at each side of the CPT system. The half-bridge, class
E, and class D structures with reduced switching-device count typ-
ically used to obtain low cost, low loss, and relatively low size in
CPT applications [17-19]. Besides, full-bridge inverter topology is
mainly utilized to increase the power level in CPT applications
[20]. Considering rectifier topologies, half-bridge [21], full-bridge
[22], and active variable reactance (AVR) [23] structures have been
proposed for high power CPT applications. On the other side, a
class E rectifier topology has been proposed for low power CPT
applications [24].

The capacitive coupler structure includes multiple metal plates
to form an electric field that causes a displacement current to
transfer power. Conventional capacitive coupler structures can be
categorized into four types: two-plate, four-plate, six-plate, and
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electric field repeater. Chris Mi [25] discussed four-plate horizontal
and vertical coupler structures for EV charging applications. Hence,
the vertical coupler has better rotational misalignment capability
than the horizontal coupler. Then, a coupler structure that com-
prises two metal plate is proposed for EV charging applications
[26]. Herein, the chassis of a vehicle and earth ground are high-
lighted to substitute for two plates used in conventional four-
plate structures. In addition, a two-plate capacitive coupler struc-
ture provides a decreased number of plates and cost reduction in
CPT applications. However, the lower conductivity of earth ground
is the drawback side. Then, Zhang et al., [27] proposed a six-plate
coupler structure to provide less electric field emission for large
transfer distance applications. Nevertheless, the number of cou-
pling capacitances to realize the equivalent circuit and increased
cost with six metal plates are the drawbacks. Zhang et al., [28] sug-
gested the last conventional capacitive coupler structure called as
an electric field repeater to enhance the transfer distance in CPT
systems. However, the low system efficiency is the disadvantage
of the coupler.

As well as conventional capacitive coupler structures, different
designs are put forward for coupler structures in CPT applications.
A conformal bumper structure is proposed to increase the coupling
capacitance with a decreased transfer distance and increased sur-
face area for electric vehicle charging applications [29]. However,
the coupling capacitances are in the nanofarad ranges, and hence
the transfer distance is limited to several millimeter ranges. Lu
et al,, [30] presented a hybrid coupler structure for portable device
charging applications to use electric and magnetic fields simulta-
neously. However, two large external inductors are required to
improve the equivalent inductances and to decrease the switching
frequency. Regensburger et al., [31] presented a circular coupler
structure with polytetrafluoroethylene (PTFE) enveloped not only
to prevent arcing but also to increase energy transfer capability
for high power applications. However, the divided inductors along
with the coupler increase the complexity of the system for reso-
nance condition. The combined coupler structures are suggested
for CPT applications to provide space-saving [32], and to reduce
fringing field level [33]. However, the CPT system becomes more
complex to realize the equivalent circuit model.

1.3. Key contributions

Compared with the existing studies on CPT technology, the
main contributions of this paper comprise the following: 1) A novel
capacitive coupler structure is proposed to eliminate the external
capacitors in CPT applications. 2) For the first time, four metal
plates are bent, and PTFE dielectric materials are inserted between
the bent sections to create an extra capacitance to replace the
physical capacitor component, which is required for the resonance
circuit. 3) As a conventional four-plate capacitive coupler structure,
the capacitances between the same side plates form the main
capacitances. Thanks to the proposed capacitive coupler structure,
the role of main capacitances becomes more significant. 4) Due to
the elimination of external capacitors for primary and secondary
resonant circuits, reduced cost and space-saving are achieved in
CPT systems. 5) The proposed capacitive coupler structure offers
the opportunity to use different dielectric materials; thus, the
power level can be drastically improved in CPT applications.

The rest of the paper is structured as follows. Section 2 high-
lights a conventional four-plate CPT system that consists of a con-
ventional four-plate coupler structure and LC compensation
topology. Along with the proposed capacitive coupler structure,
operation principle, design, and analysis of the proposed four-
plate CPT system are presented in Section 3. Section 4 presents a
practical prototype of the proposed four-plate CPT system and
together with a coupler comparison in terms of coupling capaci-
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tances between the conventional four-plate coupler structure and
the proposed coupler structure. Moreover, the misalignment tests
and electric field emissions are investigated in the proposed CPT
system. Finally, conclusions and discussion are introduced in
Section 5.

2. A conventional four-plate CPT system
2.1. Principles of conventional four-plate capacitive coupler structure

Plate design plays a key role in the determination of cross-
coupling capacitances for CPT systems. A four-plate horizontal
structure and hereafter called conventional four-plate coupler
structure is shown in Fig. 1 and its parameter definitions are given
in Table 1.

Fig. 2 depicts the four-plate capacitance model. In addition, the
coupling capacitance term represents port and cross-coupling
capacitance. Fig. 2(a) illustrates the port capacitance model of the
conventional four-plate capacitive coupler structure. Herein, P;
and P, show the transmitter side plates, P; and P, represent the
receiver side plates. Since there are some port capacitances
between the metal plates, there are a total of six equivalent port
capacitances Cri2, Cri3, Cria, Cr23, Cra4, and Cys4. Capacitances
between the same side plates represent the self-capacitances of
the capacitive coupler. The capacitances between the same sides
are also known as main capacitances, Ci, and Cs4. Mutual capaci-
tance is closely associated with the capacitances between both
sides. Fig. 2(b) represents the cross-coupling capacitance model
of the four-plate capacitive coupler structure. Here, Cy3, Ci3, Ci4,
Cy3, Ca4, and C34 present the cross-coupling capacitances. The
equivalent m type model [34] and the equivalent two-port model
[14] are put forward to simplify the complicated coupler structure.
Among them, the © type model is demonstrated in Fig. 3.

In Fig. 3, Cp, Cs and Cy, represent primary resonant capacitance,
secondary resonant capacitance, and mutual capacitance, respec-
tively. These capacitances are obtained using cross-coupling capac-
itances [13], as shown by

(Ci3+Cia).(Co3+Coa)
Ci3+Ci44+Cp3+Cyy

Co=Cro+ 1)
(C134+Cp3).(C14+Cra)

Cs=Csq+
ST Ci3+Cig+Cp3+Coy

(C24Ci3)-(C14Cas)

Cpy— L —24-13)7-14%23)
M Ci3+Cig+Cp3+Coy

2.2. Circuit topology

The conventional four-plate coupler structure and LC compen-
sation topology consist of the conventional four-plate CPT system
as illustrated in Fig. 4. The role of the plates P; and P, is to transmit
power wirelessly while the plates P; and P, serve to receive power.

Fig. 1. A conventional four-plate coupler structure.
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Table 1
Parameter definition of the conventional four-plate coupler structure.
Parameter Definition
I Plate length (x-direction)
I Plate length (y-direction)
d Transfer distance
dq Plate distance for primary/secondary sides
w Plate thickness
( "I'13
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Fig. 2. Four plate capacitance model. (a) port capacitance model, (b) cross-coupling
capacitance model.
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Fig. 3. Equivalent 7 type model.
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In this concept, the full-bridge structure for the inverter is
mainly utilized to excite the resonant circuit in the primary side.
Resonant inductors and external capacitors are also used to res-
onate with the capacitive coupler structure for each side of the
wireless charging system. Herein, the external capacitors are typi-
cally used due to low coupling capacitance of the system. For this
reason, many problems occur, such as high cost, high loss, and
space limitation. A full-bridge rectifier is utilized at the last side
of the circuitry to provide a regulated output voltage.

3. Proposed four-plate CPT system
3.1. Proposed coupler structure

The proposed coupler structure is shown in Fig. 5 and its param-
eter definitions are given in Table 2. The proposed coupler aims to
solve the low coupling capacitance of the CPT system. Low cou-
pling capacitance condition creates problems and requirements
such as high resonant inductance, high switching frequency, high
cost, and low efficiency. For this reason, all four metal plates are
bent, and a dielectric material is inserted between these bent
pieces to create an extra capacitance to utilize for primary and sec-
ondary resonant circuits.

The value measured between each plate represents the port
capacitance as depicted in Fig. 6. It is not mentioned as a value
of cross-coupling capacitance. The cross-coupling capacitance
model can be represented as in the general model of the conven-
tional four-plate coupler structure depicted in Fig. 2(b). In addition,
the Y-A and A-Y transformation theories are used to determine the
cross-coupling capacitances based on Fig. 2(b) [35]. The port capac-
itances are derived using cross-coupling capacitances as given by
Eq. (A.1). (For more details see Appendix A). Then, the cross-
coupling capacitances are determined according to the port
capacitances.

3.2. Circuit topology

The proposed coupler structure and LC compensation topology
form the proposed four-plate CPT system as represented in Fig. 7.
The bent sections with dielectric materials form the main capaci-
tances for the resonant circuits at both sides. Then, the primary
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Fig. 4. Circuit topology of a conventional four-plate CPT system.
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Fig. 5. Proposed coupler structure.

Table 2

Parameter definition of the proposed coupler structure.
Parameter Definition
I Plate length (x-direction)
I Plate length (y-direction)
I3 Plate length (z-direction)
Iy Dielectric thickness
d Transfer distance
w Plate thickness

Fig. 6. Port capacitance model of the proposed coupler structure.

and secondary inductors resonate with the capacitive coupler
structure to produce high voltages on metal plates and, to transfer
power. Now that the bent sections constitute the main capaci-
tances of the coupler, the inserted dielectric material becomes
prominent to obtain the desired coupling capacitance and power
level.

3.3. Operation principle

The equivalent circuit of the proposed four-plate CPT system
with the © type model is demonstrated in Fig. 8. The full-bridge
inverter is utilized to excite the resonant circuit. The LC compensa-
tion topology is then included in the system. Herein, L, and Ls rep-
resent primary and secondary inductances, respectively. Cp and Cs
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Fig. 7. Circuit topology of the proposed four-plate CPT system.

represent primary and secondary capacitances and Cy represents
the equivalent mutual capacitance of the system, respectively.
The full-bridge diode rectifier is utilized to supply DC current to
the load. The fundamental harmonics approximation (FHA)
method is utilized to understand the behaviour of the proposed
coupler structure as depicted in Fig. 9 [34]. In addition, the super-
position theorem is used to obtain the related parameters. Fig. 9(a)
introduces the simplified resonant circuit model. Fig. 9(b) indicates
the resonant circuit, which is excited by the output source, Vs and
Fig. 9(c) represents the resonant circuit, which is excited by the
input source, Vp. Herein, sinusoidal voltage sources are substitute
for primary and secondary square voltage sources, Vp and V.
From Fig. 9(b), the primary resonant current is calculated as,

G 1
Ip=——-- . 4
g Cu jwpLp @
From Fig. 9(c), the secondary resonant current is calculated as,
Cp 1
= " Cw jwsLs Ve )
Then, the coupling coefficient k. is expressed as,
Cu
ke = 6
= VGG ©

The resonant frequency of each side of the system is typically
selected to be the same that defined as,

1 1
VIp - Cp Is-Cs

The value of the coupling coefficient is typically much lower
than 1. Thus, the output power can be roughly determined by,

Wy = Wp = Ws =

(7)

.- C
‘kz M Vel |Vs| (8)
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D& &D:
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Fig. 8. Equivalent circuit of the proposed four-plate CPT system with the 1 type
model.
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Fig. 9. The FHA analysis of the proposed four-plate CPT system (a) Simplified
resonant circuit model, (b) Excited only by a secondary voltage source, (c) Excited
only by a primary voltage source.

3.4. Design and analysis

This section introduces the design and analysis of the proposed
four-plate CPT system. The design procedure of the proposed CPT
system to determine the resonant components can be stated as fol-
lows: the port capacitances are firstly measured by an LCR meter.
Then, the cross-coupling capacitances are determined according
to the port capacitances, which are derived using the cross-
coupling capacitance model. To solve high-order equations, Wol-
fram Mathematica software is utilized to obtain the cross-
coupling capacitances. Depending on the obtained cross-coupling
capacitances, the primary and secondary capacitances, and mutual
capacitance are calculated. Afterwards, the primary and secondary
inductances are determined based on the selected switching fre-
quency for both sides.

To further prove that the proposed coupler structure is useful, a
60-V input, 60-V output, 110-W CPT system using LC compensa-
tion topology has been designed and tested. The four metal plates
have been devised to be symmetric to simplify the procedure. The
physical dimensions of the proposed coupler structure are given in
Table 3. According to the selected coupler dimensions, the port
capacitances are measured firstly, and the cross-coupling capaci-
tances are then calculated using Eq. (A.1). The obtained results
are given in Table 4. Afterwards, the values of compensation capac-
itors are determined using Eqgs. (1), (2), and (3), respectively. The
coupling coefficient is also determined by using Eq. (6). The values
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of compensation inductors are calculated based on the selected
switching frequency using Eq. (7). Therefore, the circuit parameters
of a designed four-plate CPT system are given in Table 5.

The PLEXIM Plecs software is preferred to examine the opera-
tion of the proposed four-plate CPT system. The voltage and cur-
rent waveforms of the resonant circuits are depicted in Fig. 10.
Fig. 10(a) shows the primary-side resonant voltage and current
waveforms, and Fig. 10(b) represents the secondary-side resonant
voltage and current waveforms. The current waveforms are scaled
two times to better observe the resonance conditions at both sides.
According to the simulation results, the efficient resonance condi-
tion is achieved for the designed CPT system.

4. Experimental setup and validations
4.1. Coupler validation

A comparative study is conducted between the conventional
four-plate coupler structure and the proposed coupler structure
considering coupling capacitances as shown in Fig. 11. Fig. 11(a)
represents the experimental prototype of the conventional four-
plate coupler structure, and Fig. 11(b) indicates the experimental
prototype of the proposed coupler structure. Here, the four alu-
minum metal plates are used for both coupler structures. As a dif-
ference of the proposed coupler structure, the four aluminum
metal plates are bent, and PTFE dielectric materials also known
as Teflon are inserted between the bent sections. Additionally, a
robust adhesive bandage is implemented for both dielectric mate-
rials and bent sections to avoid creating an air-gap. The PTFE is
selected for its high dielectric strength feature of > 20 kV/mm
when the air breakdown occurs at 3 kV/mm. Moreover, PTFE has
a dielectric constant of 2.1, and hence it provides two times higher
coupling capacitances than air, which has a dielectric constant of 1.
PTFE has also a low dissipation factor at MHz frequency ranges
[36].

The comparison study aims to show the contribution of the bent
sections compared with the conventional four-plate coupler. To
make a fair comparison, plate dimensions and transfer distance
of conventional four-plate coupler structure are selected as same
as the proposed coupler structure, which is given in Table 3. With
the same switching frequency setting of 1 MHz, the coupling
capacitances of the conventional four-plate coupler structure are
obtained as given in Table 6. To determine the port and cross-
coupling capacitances in the conventional four-plate coupler struc-
ture, the same procedure is utilized as the proposed coupler struc-
ture. Namely, the port capacitances are measured using an LCR
meter. Then, the cross-coupling capacitances are determined
according to the port capacitances, which are derived using the
cross-coupling capacitance model, shown in Fig. 2(b). To solve
high-order equations, Wolfram Mathematica software is used to
determine the cross-coupling capacitances.

The obtained results show that there is a significant difference
for each port and cross-coupling capacitances when comparing
both couplers. The proposed four-plate coupler structure has

Table 3

Dimensions of the proposed coupler structure.
Parameter Value
I 300 mm
I 150 mm
I3 100 mm
Iy 1 mm
d 5 mm
w 2 mm
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Table 4 Table 6
Coupling capacitances of the proposed coupler structure. Coupling capacitances of the conventional four-plate coupler structure.
Port capacitance Value (pF) Cross-coupling capacitance Value (pF) Port capacitance Value (pF) Cross-coupling capacitance Value (pF)
Cri2 291.23 C12 247.27 Cri2 8.40 C12 36.92
Cri3 181.96 Ci3 45.91 Cri3 79.08 Ci3 92.23
Cria 163.90 Cia 3.72 Cria 8.48 Cia 33.94
Craz 163.63 Ca3 2.68 Cra3 8.12 Ca3 35.11
Craa 188.49 Caa 46.58 Craa 73.10 Caa 85.65
Cr3s 294.78 Ca4 250.68 Cr34 8.97 Cq 41.19
Table 5 posed coupler structure specifically contribute to the main capac-
Design values of the proposed four-plate CPT system. itances. Therefore, the proposed coupler structure presents
Parameter Value higher coupling capacitances and acts a key part to determine
I 424,87 pF the resonant capacitance of the syste'm. Adgitionally, the' pr'oposed
Cs 429,65 pF coupler allows the use of different dielectric materials via its bent
Cum 34.63 pF sections. Thus, the proposed four-plate coupler structure becomes
fc 2-916%2 u more prominent providing higher coupling capacitances, higher
Lﬁ 5896 ﬁ H power level, lower required inductance, lower cost, relatively
Fon 1 MHz higher transfer efficiency, and space-saving for CPT applications.
60 r
— Vpri (V) 60 Vsec (V)
50 — Ipri (A) 50- — Isec (A)
40+ i 40+
30 30-
204 20+
o _ N N N )
0 0 N A %
-104 -10
-20- -20-
230+ -30-
-40- -40-
-50- -50
-60- ; -60
1.412210  1.412220  1.412230 x le-1 1.948805  1.948815  1.948825 x le-1
Time (sec) Time (Sec)
(@) (b)

Fig. 10. Resonant voltage and current waveforms: (a) primary-side resonant voltage and current waveforms, (b) secondary-side resonant voltage and current waveforms.

(a)

Fig. 11. Coupler structures: (a) the conventional four-plate coupler structure, (b) the proposed coupler structure.

higher port and cross-coupling capacitances via its bent sections.
Among the coupling capacitances, Ci; and C34 represent the main
capacitances for both coupler structures. However, the main capac-
itances of the conventional four-plate coupler structure are lower
than other coupling capacitances. The bent sections of the pro-

(b)

4.2. System performance validation

After the validity of the proposed coupler structure by experi-
mental studies, a 110-W four-plate CPT system has been built with
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a 33.1 Q resistive load as shown in Fig. 12. The transfer distance is
also set to 5 mm for E-mobility applications.

As a practical prototype of the proposed four-plate CPT system,
the input voltage is set to 60 V, and the output voltage is measured
at 50 V. The average input and output currents are obtained at 1.83
A and 1.51 A, respectively. Hence, a loosely-coupled four-plate CPT
system with a coupling coefficient of 8.1 % is achieved with an effi-
ciency of 68.76 %. Due to the mechanical design of the proposed
coupler structure, there are small differences between the resonant
components as given in Table 5. The air-core inductors are used for
the resonant circuits to present a good performance in high-
frequency applications. Furthermore, the resonant inductors are
made with Litz-wire to provide reduced skin-effect and lower mag-
netic losses. The proposed coupler structure is fixed, and the port
capacitances are measured by using a GW INSTEK LCR-8110G
meter. Then, the cross-coupling capacitances are obtained using
Wolfram Mathematica software according to the port capacitances.
To generate PWM signals, STM32F4 Discovery Board is used for the
designed CPT system. Silicon Carbide (SiC) MOSFETs
C2M0080120D series from CREE are used to build the full-bridge
inverter. As SiC diodes, IDHO6G65C6XKSAT1 series from INFINEON
are preferred in passive rectifier bridge with a relatively low for-
ward voltage of 1.25 V. The operating frequency is set to 1 MHz.
PCB dimensions are designed as 10 x 10 cm for inverter and recti-
fier circuit topologies. The experimental waveforms of the resonant
voltages and currents are depicted in Fig. 13. Fig. 13(a) demon-
strates the primary-side resonant voltage and current waveforms,
which represent inverter output voltage and current waveforms
as well. Herein, the system achieves zero-voltage switching (ZVS)
operation since inverter output current lags the voltage slightly.
Fig. 13(b) depicts the secondary-side resonant voltage and current
waveforms, which represent rectifier input voltage and current
waveforms as well. Additionally, the in-phase operation is suc-
ceeded for secondary-side resonant voltage and current wave-
forms. As a consequence of the experimental study, there is a
good harmony between the obtained results, which confirm the
proposed coupler structure for CPT applications.

4.3. Misalignment test

The misalignment performance of the proposed four-plate CPT
system is examined in this section. Thus, the prominent misalign-
ment applications such as x-direction misalignment and z-
direction misalignment or different transfer distances between
each side of the system are considered in the practical concept.

The two key parameters as dc-dc system efficiency and output
power are measured under misalignment conditions.

The x-direction misalignment is evaluated from 30 mm to
120 mm, which is about half of the capacitive coupler. As men-
tioned before, the transfer distance of the designed four-plate
CPT system is 5 mm, and hence the variations of transfer distance
are taken into account up to 9 mm in increments of 1 mm.

The changes in output power and dc-dc system efficiency of the
proposed four-plate CPT system concerning x-direction misalign-
ment are depicted in Fig. 14. Furthermore, the performance of
the proposed four-plate CPT system in terms of these parameters
associated with transfer distances is demonstrated in Fig. 15.

It was found that the output power and dc-dc efficiency of the
proposed CPT system decrease with the misalignments. When
the x misalignment is 30 mm, the dc-dc system efficiency and out-
put power of the proposed four-plate CPT system decrease to 66.22
% and 71.52 W, respectively. In this condition, there is not a signif-
icant reduction in both system efficiency and output power. At
60 mm x-direction misalignment, the dc-dc system efficiency
drops to 50.74 % and output power reduces to 50. 74 W, which is
about 30% of the perfectly aligned system. When the misalignment
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in the x-direction increases from 60 mm to 120 mm, there is a
noticeable reduction in the value of system efficiency and output
power.

The different transfer distances are also evaluated in this con-
cept. When the transfer distance increases to 6 mm, the system
efficiency and output power of the proposed CPT system drop to
nearly 30 % of the perfectly aligned system. When the transfer dis-
tance increases to 9 mm, the performance of the system is affected
dramatically by virtue of the missed resonant frequency.

4.4. Electric field emission

Electric field emissions of the proposed four-plate CPT system
are examined as depicted in Fig. 16. Thus, Narda EHP-200A Electric
& Magnetic Field Analyzer (3 kHz-30 MHz) is used to evaluate the
electric field strength of the proposed CPT system for different dis-
tances from the capacitive coupler.

According to the IEEE C95. 1 standard, the electric field strength
ought to be lower than 640 V/m at 1 MHz operating frequency to
provide the safety regulations [37]. Hence, different critical points
are pointed out to observe the behaviour of system. At 300 mm dis-
tance from the capacitive coupler, the electric field strength of the
proposed CPT system is obtained as 754.25 V/m, which is not com-
patible with the standard. The electric field strengths are obtained
as 604.25 V/m and 574.67 V/m for 400 mm and 450 mm distances
from the coupler, respectively. As a conclusion, the electric field
strength of the proposed four-plate CPT system is compatible with
the IEEE C95.1 standard around 400 mm away from the capacitive
coupler.

5. Conclusions and discussion

This paper suggests a new capacitive coupler design for CPT
applications. Four pieces of aluminum plates have been bent for
the proposed coupler structure and PTFE dielectric materials are
inserted between the bent sections. Besides design and analysis,
a comparative study is conducted to confirm the effectiveness of
the suggested coupler structure in terms of coupling capacitances
against the conventional four-plate coupler structure. As a result
of the comparison, higher coupling capacitances that represent
port and cross-coupling capacitances are provided by the proposed
coupler structure. After the validation of the proposed coupler, an
experimental prototype of the four-plate CPT system is built. Thus,
a 110-W wireless capacitive charging is succeeded over a transfer
distance of 5 mm for E-mobility applications.

The performance of the proposed four-plate CPT system is also
evaluated in terms of x-direction misalignment and different
transfer distances. In compliance with the obtained results, the
output power and dc-dc system efficiency reduce with
both x misalignments and different transfer distances. The main
reasons can be stated that the selected LC compensation topology
under x misalignment applications and the missed resonant fre-
quency for different transfer distances.

The electric field emissions are reviewed in the proposed CPT
system. It is concluded that the safe area is provided after around
400 mm away from the capacitive coupler, which is compatible
with the IEEE C95.1 standard.

Due to the bent section feature of the proposed coupler struc-
ture, the major advantages have been gained from the PTFE dielec-
tric material that enables high dielectric strength and high relative
permittivity. In addition, the values of resonant capacitors are
drastically increased for the resonant circuits at both sides. At
the same time, the required inductances are substantially
decreased for the resonant circuits at both sides. Depending on
the inserted dielectric material, the main capacitances of the cou-
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Fig. 13. Experimental waveforms of the resonant voltages and currents: (a)
primary-side resonant voltage and current waveforms, (b) secondary-side resonant
voltage and current waveforms.

pler and hence the power transfer level can be increased. With the
proposed coupler structure, the cost reduction is prominent for the
proposed four-plate CPT system. The reduced cost is provided by
the eliminated high-priced external capacitors and the reduced
size of compensation inductors made with Litz-wire, which proofs
the validity of the proposed coupler structure. The proposed cou-
pler structure has also a flexible and ease of implementation fea-
ture and thus it is expected to make a great contribution by
acting as a resonant capacitor for WPT applications.

Future directions of this research comprise testing different
dielectric materials, and different coupler geometries for the pro-

0 L L " "
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(b)
Fig. 14. The performance of the proposed four-plate CPT system under x-direction

misalignment: (a) measured output power, (b) measured dc-dc system efficiency.

posed coupler structure to further decrease the system cost and
improve the system efficiency.
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transfer distances: (a) measured output power, (b) measured dc-dc system
efficiency.
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Appendix A

Derivation of port capacitances using cross-coupling capacitances
is given by,
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Fig. 16. Electric field emissions of the proposed four-plate CPT system for different
distances: (a) at 350 mm, (b) at 400 mm, (c) at 450 mm.
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