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Investigation of External Factors for Wireless Capacitive Power Transfer Systems

Mehmet Zahid EREL*, Kamil Cagatay BAYINDIR, Mehmet Timur AYDEMIR

Abstract: Capacitive power transfer (CPT) technology has gained more and more importance in recent years. This paper investigates the effects of temperature and relative
humidity on CPT system performance. The conventional four-plate horizontal and vertical coupler structures are built to observe the variations of coupling capacitances
under external factors. The pressure of the coupler ambient is kept constant, and the effects of temperature and relative humidity are reviewed separately. The different
temperature (25 - 105 °C) and relative humidity (43 - 80% RH) levels are reviewed in these scenarios. The obtained results indicate that the values of coupling capacitances
are inversely proportional to the temperature level, whereas the values of coupling capacitances are directly proportional to the relative humidity level. In addition, the visible
changes happen in coupling capacitances after 45 °C and 55 °C for horizontally and vertically arranged four-plate coupler structures, respectively. It is also observed that
relative humidity level becomes a critical point after 60% RH for both coupler structures. Among the coupling capacitances, the main capacitances are the most affected
during the variations for both couplers. This study is expected to be a reference for the researchers on external factors in CPT systems.
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1 INTRODUCTION

Wireless charging technology is becoming more
preferred and widespread with a safe, reliable, and
easy-to-use operation without plugs and wires. Among the
wireless power transfer (WPT) technologies, inductive
power transfer (IPT) and capacitive power transfer (CPT)
are the most extensively utilized. While the IPT uses
high-frequency magnetic fields [1], the CPT utilizes
high-frequency electric fields to transfer power wirelessly
[2].

The CPT technology has many advantages compared
to IPT technology, such as lower cost, lightweight, better
misalignment tolerance, and higher reliability [3]. Due to
these advantages, it has many application areas varying
from low power to high power levels. The prominent low-
power applications can be stated as biomedical implants
[4], and portable device charging [5]. Herein, the transfer
distance is typically within the millimetre range, and the
value of coupling capacitance is usually in the nanofarad
range.

Considering high power applications, electric vehicle
charging application becomes prominent [6]. The transfer
distance has 100s of millimetre ranges, and the value of
coupling capacitance is usually in the picofarad range. The
circuit topology of a conventional CPT system is given in
Fig. 1. The primary side is formed with an inverter and a
compensation network, and the secondary side includes a
compensation network and a rectifier.

The capacitive coupler, called coupling interface,
requires metal plates along with the medium as a dielectric.
The capacitive coupler has a significant role in power
transfer from the primary side to the secondary side of the
CPT system. The coupler structures are classified as the
number of metal plates used and of positional
characteristics. Among them, the four-plate coupler is
generally used in CPT systems. Herein, two plates serve as
a power transmitter, and the other two plates serve as a
power receiver. In addition, the four-plate coupler structure
is arranged horizontally and vertically in CPT applications.
All in all, the capacitive coupler behaves as a resonant
capacitance in the CPT system. Meanwhile, capacitance
measurement plays a key role in high-frequency

applications as well. The value of coupling capacitance
mainly depends on the dielectric material used, the distance
between the metal plates, and the area of the metal plates.
Hence, the dielectric material plays a key role in
determining the main capacitance. The material properties
of dielectrics are the relative permittivity (¢,), electric field
breakdown (kV/mm), and dielectric loss (tand). For
instance, the relative permittivity of air is 1 at 20 °C, the
electric field breakdown is 3 kV/mm, and the dielectric loss
is 0. As silicon material, the relative permittivity is 11.8,
the electric field breakdown is 30 kV/mm, and the
dielectric loss is 5 x 1073 at 1 GHz [7]. The relative
permittivity of air depends on pressure (kpa), temperature
(°C), and relative humidity (RH) [8]. For this reason,
Rozario et al. mention factors that impact coupling
capacitance in CPT systems [9]. Herein, the factors are
described as voltage stress across the coupler, transfer
distance, operational frequency, and atmospheric
conditions. However, the external factors are not
thoroughly reviewed in CPT systems. The external factors
are examined in terms of temperature effects on the
performance of the wireless IPT systems [10-14]. Mohsan
et al. reviewed pressure, temperature, biofouling, and water
conductivity factors for underwater wireless IPT
applications [15]. The core, coil, and steel parts are
negatively affected by increasing temperature. The
increased pressure affects magnetizing inductance, the
biofouling causes misalignments, and the increased
seawater conductivity results in eddy currents. Hence,
external factors influence wireless charging performance.
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The role of dielectric materials is also reviewed in CPT
systems, specifically using ceramic coatings [16], glass
material [17], and air dielectric material [7]. The authors
concluded that power transfer capability, increased
coupling capacitance, and electric field breakdown
strength are improved by utilizing various dielectric
materials. Nevertheless, the external factors are not
discussed due to the integration of dielectric materials. The
effect of temperature is examined on the parasitic
capacitance of the tapered through silicon [18]. The impact
of relative humidity is investigated on surface mount solid
tantalum capacitors [19]. Both relative humidity and
temperature effects are reviewed in alumina coatings [20]
and electrochemical sensors [21]. However, the dielectric
constant of air is neither reviewed nor adopted to WPT
systems.

Our paper differs from the other papers in that this
paper focuses on both temperature and humidity effects on
the behaviour of the CPT systems. For this reason, four
plate horizontal and vertical coupler structures are
designed for wireless CPT applications. As the relative
humidity level of the coupler ambient keeps constant,
different temperature levels are first implemented to the
designed capacitive couplers. According to the obtained
results, the capacitance of the coupler is inversely
proportional to the increased temperature. Then, the
relative humidity variations on capacitive coupler ambient
are examined in this study. Thus, the capacitance of the
coupler is directly proportional to the increased relative
humidity level. The effect of temperature and relative
humidity on the performance of the CPT system is verified
by the integration of external factors. For this reason, a
comparative study is presented in Tab. 1 to illustrate the
differences and novelty of the proposed method for
wireless charging applications.

The rest of the paper is organized as follows: Following
the introductory section, four-plate capacitive coupler
structures and their coupling capacitances are discussed in
Section 2. Then, the experimental setup is described to
validate the effectiveness of the proposed method for four-
plate horizontal and vertical capacitive coupler structures.
Moreover, the obtained results are discussed depending on
the designed prototypes in Section 3. Finally, conclusions
are drawn in Section 4.

Table 1 Comparison table for wireless charging applications under external

factors
Reference Wireless External Factors Frequency
Technology
This work | Capacitive Temperature and relative 1 MHz
humidity effects for CPT
systems
[10] Inductive Temperature effects for the 20 kHz
efficiency of the IPT system
[13] Inductive | Thermal analysis of dynamic 85 kHz
wireless EV charging
[14] Inductive Thermal effects on wireless 85 kHz
modules for EV charging
[12] Inductive Thermal design optimization 85 kHz
for the IPT system

2 FOUR-PLATE CAPACITIVE COUPLER STRUCTURES

Capacitive coupler structures provide power transfer

ability for CPT systems. The structure and dimensions of

the four-plate horizontal and vertical capacitive coupler

structures are shown in Fig. 2. Fig. 2a represents four-plate
horizontal structure [22], and Fig. 2b represents four-plate
vertical structure [23]. As a horizontally arranged structure,
P, and P, are used as power transmitters, and P; and P are
utilized as power receivers. The plate lengths of the coupler
are defined as /; and /,. The distance between the same side
plates is described as d;. The transfer distance is defined as
d. The plate thickness is represented as #,. Since the vertical
coupler structure, P; and P, are the power transmitters, P;3
and P, are also the power receivers. The plates are designed
to be square-shaped. As shown in Fig. 2b, P, and P; are
larger than P> and Ps. The lengths of the larger plates are
I3, and the lengths of the smaller plates are /4. The transfer
distance is defined as d,, and the distance between the same
side plates is d..
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Figure 2 The four-plate coupler structures: (a) horizontal, (b) vertical

Primary side of the coupler

A
v

’ o

F 3
r

Secondary side of the coupler

(@)

Primary side of the coupler

Py =
e ]
,'/ \ P, _r_C1z
" \ [ - | \.
CIB_I_ _LCM —Cu A_Czw
T - T
\ -\‘ : ;
\ - IPd, : ] [
\ prmm—: 7 o

N

i : : ]
Py

) Secondary side of the coupler

(b)

Figure 3 The four-plate coupler structures: (a) horizontal, (b) vertical

The coupling capacitors emerged based on the
positioning of the metal plates and are represented in Fig.
3. Fig. 3a depicts the coupling capacitors in a four-plate
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horizontal structure [22], and Fig. 3b represents the
coupling capacitors in a four-plate vertical structure [23].

The four plates form six coupling capacitances.
Herein, Ci» and Cs4 are closely associated with the self-
capacitances of the capacitive coupler. Ci4 and Cy3 are
defined as cross-coupling capacitances. It is noteworthy
that if there is a misalignment condition between the
primary and secondary sides, cross-coupling capacitances
should be considered. Ci3 and C»4 are defined as main
capacitances and thus play a key role in determining the
resonant capacitance of the CPT system. The four-plate
vertical structure has higher coupling capacitances and
misalignment ability than the four-plate horizontal
structure. While the four-plate horizontal structure is more
prevalent in the literature due to its practical feature, the
four-plate vertical structure is prominent, especially in
recent studies such as rotary applications. The Cj, and Cs4
are the main capacitances and are larger than Ci4, Ca3, Ci3
and Cy4. Therefore, the main capacitances become
prominent in a four-plate vertical structure to obtain the
desired resonant capacitance.

Since four-plate horizontal and vertical capacitive
coupler structures, the values of primary and secondary
resonant capacitances and mutual capacitance are
determined utilizing coupling capacitances given in Eq. (1)
to Eq. (3) [24]. It is obvious that coupling capacitances
considerably affect the CPT system performance.

(C13 + C14)'(C23 + C24)

Cp=Cp+ (M
Ci3+Cy+Cpi+Cy
Ci+Cy ) (Cy+C

Cy =C34+( 13 23) ( 14+ Cay) )
Cis+Cu+Cp+Cy

_ (C24C13)_(C14C23) 3)

=
Ci3+Cu+Cy+Cy

3 EXPERIMENTAL PROCEDURES
3.1 Experimental Design and Prototyping

Experimental prototypes are constructed in a four-
plate capacitive coupler structure having horizontal and
vertical arrangements. With the parameters in Tab. 2, the
proposed system designs for horizontally and vertically
arranged capacitive coupler structures are shown in Fig. 4
and Fig. 5, respectively. The small woods are used for both
system designs to hold the metal plates and determine the
desired transfer distance. Considering temperature
measurement, the relative humidity level (RH %) is kept
constant. BMK XH-W3001 digital thermostat as a
temperature controller is used to set the temperature level
and TM902C digital thermometer (=50, 750 °C) is utilized
to observe the temperature variations. To determine the
effects of relative humidity variations on the capacitive
coupler environment, a W-712B mist generator is utilized
along with an HTC-1 relative humidity meter. The
operating frequency is set to 1 MHz for temperature and
relative humidity measurements using GW Instek
LCR-8101G meter.

Considering proposed designs, the system working
principle depends on the coupling capacitance variations

when the temperature and relative humidity level of the
coupler change separately. First, the relative humidity
(RH %) level is kept constant for both designs and, the
temperature level is set from 25 to 105 °C with an
increment of 10 °C. The two pieces of bulbs are used for
heating to gradually increase the temperature in a closed
environment. Hence, the temperature increment is
achieved in desired ranges. The nine different temperature
levels are recorded, and the values of coupling
capacitances are observed.

Second, the effect of relative humidity on capacitive
coupler structures is evaluated by keeping the temperature
level constant. The relative humidity level is set from 43 to
80 (RH %) with an increment of about 10%. The mist
generator is utilized to obtain the desired relative humidity
levels in a closed environment. The five different relative
humidity levels are recorded, and the changes of the
coupling capacitances are reviewed.

Table 2 System specifications and parameter values

Parameter Definition Value
I The length of horizontally arranged plates in | 180 mm
the z-direction.
L The length of horizontally arranged plates in | 75 mm
the y-direction.
I8 The length of larger plates in vertically 100 mm
arranged coupler.
Iy The length of smaller plates in vertically 50 mm
arranged coupler.
d Air-gap for horizontally arranged coupler. 150 mm
d, Distance between the same side plates for 40 mm
horizontally arranged coupler.
d. Distance between the same side plates for 2 mm
vertically arranged coupler.
d, Air-gap for vertically arranged coupler. 5 mm
t, Plate thickness. 2 mm

: 6

Figure 4 The designed system using four-plate horizontal capacitive coupler

structure: (1) LCR meter, (2) digital thermometer, (3) horizontal coupler, (4) bulb,
(5) humidity meter, (6) temperature controller

. Figure 5 The designed system using four-plate vertical capacitiv coupler
structure: (1) LCR meter, (2) digital thermometer, (3) vertical coupler, (4) bulb,
(5) humidity meter, (6) temperature controller

3.2 Experimental Results and Discussion

The effects of temperature and relative humidity are
investigated based on the designed CPT systems which are
presented in Fig. 4 and Fig. 5, respectively. Here we first
reviewed four-plate horizontal structure as the relative
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humidity level of the coupler environment keeps constant.
Meanwhile, the pressure effect of the system also keeps
constant. Then, four-plate vertical coupler structure is
utilized to observe the behaviour of the CPT system under
external factors. The parallel plate capacitor structure is
used to build the four-plate coupler structures.
Furthermore, the aluminium metal plates are also used to
form the coupler structures. The dielectric constant of air is
inversely proportional to the temperature rising and
directly proportional to the relative humidity rising [25].
As a theoretical prediction of the experiments, the value of
coupling capacitances should be proportional to the
dielectric constant of air.

According to the horizontally arranged coupler
structure, the changes in coupling capacitances based on
the temperature variations are given in Tab. 3. There are
significant variations in coupling capacitances, specifically
main capacitances after 45 °C temperature level, as
depicted in Fig. 6. The obtained results indicate that the
coupling capacitances gradually decrease with the
temperature increase.

The relative humidity effect on four-plate horizontally
arranged CPT system is then evaluated in detail. The
changes in coupling capacitances are given in Tab. 4.
Herein, the biggest changes occur at main capacitances, Ci3
and C»4, as shown in Fig. 7, especially after the 60 % RH
level. The obtained results show that the values of coupling
capacitances rise along with increased relative humidity
levels.

Afterwards, the temperature effect on the vertically
arranged capacitive coupler structure is examined in detail.
The changes in coupling capacitances based on the
temperature variations are given in Tab. 5. There are
crucial variations in coupling capacitances, specifically
main capacitances after 55 °C temperature level, as
depicted in Fig. 8. The obtained results indicate that the
coupling capacitances gradually decrease with the
temperature increase.

The relative humidity effect on four-plate vertically
arranged CPT system is evaluated in detail. The changes in
coupling capacitances are given in Tab. 6. Herein, the
biggest changes occur at main capacitances, Ci and Cs4, as
shown in Fig. 9, especially after the 60% RH level. The
obtained results show that the values of coupling
capacitances rise concerning relative humidity level.
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Figure 6 The changes in coupling capacitances based on the temperature
variations in a four-plate horizontal

As a result, the values of coupling capacitances are
inversely proportional to the temperature rise, while the
relative humidity level is directly proportional. The values
of main capacitances are more influenced by temperature
and relative humidity variations for both designed systems.
Considering the four-plate horizontal structure, the values
of Ci3 and C»4 decrease about 10 pF during temperature
variation and increase roughly 8 pF during relative
humidity variations. Considering the four-plate vertical
structure, the values of Ci, and C34 decrease by about 8 pF
during temperature variations and increase by about 10 pF
during relative humidity variations.
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Figure 7 The changes in coupling capacitances based on the relative humidity
variations in a four-plate horizontal structure
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Table 3 The values of coupling capacitances during temperature variations in a four-plate horizontal structure

Coupling capacitances Temperature levels
/ pF 25°C 35°C 45°C 55°C 65 °C 75°C 85°C 95 °C 105 °C
Ci, 2,58 2,57 2,56 2,52 2,48 2,43 2,39 2,35 2,30
Cy3 (main) 22,96 22,93 22,92 22,83 22,71 22,63 22,53 22,46 22,39
Ciy 2,83 2,82 2,81 2,77 2,73 2,69 2,65 2,60 2,55
Cy 2,72 2,71 2,70 2,65 2,61 2,57 2,52 2,47 2,41
Cy4 (main) 23,05 23,01 22,95 22,83 22,72 22,61 22,50 22,40 22,30
Ciy 3,11 3,10 3,09 3,04 3,00 2,95 2,90 2,86 2,81
Table 4 The values of coupling capacitances during relative humidity variations in a four-plate horizontal structure
Coupling capacitances Relative humldlty levels
/ pF 43% RH 50% RH 60% RH 70% RH 80% RH
Cp 3,46 3,51 3,55 3,59 3,63
Cy; (main) 23,75 23,80 23,82 23,90 23,98
Cy 4,06 4,10 4,14 4,18 4,23
Cy 4,02 4,06 4,12 4,16 4,21
C>4 (main) 24,25 24,26 24,27 24,35 24,43
Csq 5,23 5,27 5,31 5,35 5,39
Table 5 The values of coupling capacitances during temperature variations in a four-plate vertical structure
Coupling Temperature levels
capacitances
/ pF 25°C 35°C 45°C 55°C 65 °C 75 °C 85°C 95 °C 105 °C
Cn 5,52 5,51 5,50 5,49 5,41 5,32 5,24 5,14 5,04
C\3 (main) 4,40 4,39 4,37 4,36 4,33 4,29 4,25 4,20 4,15
Cy 2,95 2,94 2,92 2,91 2,87 2,83 2,77 2,73 2,68
Cy 3,39 3,38 3,36 3,35 3,33 3,30 3,26 3,22 3,17
C,4 (main) 2,73 2,72 2,70 2,69 2,65 2,61 2,57 2,53 2,48
Ciy 5,64 5,63 5,61 5,60 5,52 5,43 5,35 5,26 5,16
Table 6 The values of coupling capacitances during relative humidity variations in a four-plate vertical structure
Coupling capacitances Relative humidity levels
/ pF 43% RH 50% RH 60% RH 70% RH 80% RH
Cp 5,13 5,18 5,23 5,33 5,43
C; (main) 4,10 4,16 4,21 4,25 4,30
Cy 2,84 2,85 2,89 2,95 3,00
Cy 3,03 3,09 3,12 3,16 3,20
C>4 (main) 2,52 2,55 2,56 2,60 2,64
Csq 5,55 5,57 5,59 5,69 5,78

4 CONCLUSION

This paper discusses temperature and relative humidity
effects on capacitive coupler structures for wireless
capacitive charging systems. Herein we introduce a CPT
system with four-plate horizontal and vertical coupler
structures to show the effects of external factors. The
changes in coupling capacitances are considered to
evaluate the behavioural characteristics of the CPT system
during temperature and relative humidity variations using
air as a medium. First, the temperature effect is
investigated in both coupler structures keeping the relative
humidity level constant. The temperature levels are set
from 25 to 105 °C and adjusted with an increment of 10 °C
using a temperature controller. According to the results, the
temperature rising is inversely proportional to the values of
coupling capacitances for both coupler structures. The
visible changes in coupling capacitances happen after the
temperature levels of 45 °C and 55 °C for horizontally and
vertically arranged capacitive coupler structures,
respectively. Nevertheless, remarkable changes occur in
the main capacitances in comparison with the other

coupling capacitances. Conversely, the relative humidity
effect is evaluated in four-plate capacitive coupler
structures, maintaining a constant temperature for the
coupler environment. For this reason, the relative humidity
levels are considered within 43 - 80% RH levels. The
obtained results indicate that relative humidity variations
are directly proportional to the values of coupling
capacitances. The visible changes in coupling capacitances
happen after the relative humidity level of 60% for
four-plate coupler structures. However, significant changes
occur in the main capacitances compared to other coupling
capacitances. In a nutshell, the temperature and relative
humidity factors have significant influence on the
resonances in the circuit. The results show that external
factors change the values of coupling capacitances
according to the capacitive coupler structure and play a
critical role in resonance mechanism. They should be
considered when designing the resonant circuitry, not only
with CPT technology but also with IPT technology,
especially for drone and underwater wireless charging
applications that are significantly affected by temperature,
humidity, and pressure factors. Future research will focus
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on the pressure effect on capacitive coupler structures to
validate the significance of external factors.
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