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Abstract

Capacitive wireless power transfer (CPT) employs an electric field to transmit energy through a medium. Air is the
most often used and a well-understood medium. However, CPT can also bridge other solid media and even benefit
from them as the dielectric properties of the medium govern the strength of the capacitive coupling. The parasitic
elements of the coupling are influenced by the medium, in particular the leakage resistance. In this work, an analytical
model is proposed that quantifies the leakage resistance losses in CPT systems for media. The model is validated by
both finite element simulations and experiments on three different media: air, plexiglass and polytetrafluorideethylene
(PTFE). As aresult, at 1 MHz, the leakage resistance of plexiglass is 6 times higher than that of air while that of PTFE
is 1.7 times smaller. This proves that a material with a large dipole moment generates larger losses in the medium
which negatively affect system efficiency.

Keywords: Capacitive wireless power transfer, Dielectric materials, Leakage resistance, Dipole moment

1. Introduction

Wireless power transfer (WPT) is self-descriptive: transferring power without a wire. In 1891, Nikola Tesla show-
cased the concept of WPT by illuminating a light bulb using an alternating field between two plates. This pioneering
demonstration is nowadays referred to as wireless capacitive power transfer. Despite CPT being the first WPT tech-
nology presented, most research has been conducted on inductive wireless power transfer (IPT). This is because of
the ease with which it can be implemented, as a few kilohertz is enough to drive the transmission coil. Furthermore,
it is able to transfer powers of several kW at efficiencies of 95 % without operating at hazardous voltages [1, 2].
The relative ease of use and efficiency, makes it now the most widely used WPT technology. However, CPT has
some advantages over IPT. It is able to transfer energy with metal objects nearby and emits less electromagnetic in-
terference (EMI). Moreover, it more tolerant to misalignment and is the coupler is cheaper to manufacture and more
compact [3, 4].

The first relevant CPT system was demonstrated in 2008 [S5]. Here, a CPT system charges a robot with an efficiency
of 44 % at a distance of 3 mm with a power of 40 W. From this point on, research on the inverter, compensation net-
works and the coupler enabled the transmission of powers from milliwatts to kilowatts over distances from millimeters
to tens of centimeters [3, 4].

The major challenge for CPT is the low coupling capacitance which ranges from pF to nF. To increase the power,
the frequency or the magnitude of the voltage needs to increase. For this reason, research has been done on the inverter
of the CPT that drive the transfer plates with several 100 kHz [6-8]. Additionally, power levels can be increased with
compensation networks. These networks consisting of inductors and capacitors have been demonstrated for CPT
systems up to 3.75 kW for distances up to 15 cm, with alternating frequencies of up to 27.12 MHz [9-13]. However,
these networks also have the disadvantage of making the system more difficult to design and increase the total volume
of the CPT system significantly. Finally, the power level can be increased by using a medium other than air between
the plates. On the one hand, the dielectric properties of the medium increase the strength of the capacitive coupling
between the primary and secondary side. On the other hand, the losses in the medium deteriorate the efficiency.
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In the literature, studies can be found on dielectric properties of water or skin and their behavior in a CPT system.
However, these kind of studies are limited to low power transfer of less than 130 W [14—17]. Despite the profound
knowledge on dielectric materials for capacitors, to the best knowledge of the authors, little is known about media
different from air for CPT applications with 100 W or more. Solid materials have been investigated for their dielectric
properties for purposes other than capacitive power transfer. These investigations are often inapplicable for modeling
a CPT system because they were performed in a frequency range above or below that of CPT which is between
500 kHz and 15 MHz [18-21]. Furthermore, finite element software such as CST Studio, COMSOL or ANSYS has
data describing the dielectric properties of materials. This data is often obtained from a model such as the Debye-
model and based on estimated parameters. However, it seems that this data is inaccurate and partly incomplete,
neglecting for instance the losses in the materials. In addition, the data is also often only suitable for a frequency
range outside that of CPT. Thus, there is a research gap between the dielectric properties of construction materials
and their influence on the parasitic elements in a CPT system. By bridging this gap, more CPT applications become
accessible. This is done in this paper with two contributions:

C1. It develops an extended pi model of the coupler regarding (solid) media

C2. It validates the model and it delivers experimental data on dielectric properties of construction materials

These contribution serve the following research questions: (1) How to model the dielectric properties of media
for CPT applications? (2) How do solid media influence CPT? To provide answers on these questions the paper is
divided into the following four sections. The following second section is about the fundamentals of the capacitive
coupler and the effect of the medium on the coupling capacitance and the coupler losses. The third section develops a
novel extended pi model (C1), based on fundamental principles of the CPT coupler. The fourth section validates this
model with finite element simulations and experimental research for three media. This also yields experimental data
on dielectric properties of materials in CPT applications (C2).
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Figure 1: Four plate CPT coupler circuit

2. Capacitive power transfer model

A capacitive power transfer system as shown in 1, consists of four main components. The first component is the
inverter, represented as voltage source V;,. The second, the dashed lines represent the recommended compensation
network on transmitter and/or receiver side. These networks can go from the most simple series inductor to a com-
plicated multiple stage LC-combination. The third, a coupler needed to transmit energy from transmitter to receiver
side. Here, the most common coupler structure found in the literature is shown, the parallel four plate structure. The
fourth component, the load, is represented as a resistance R;,,4. In practice the load includes a rectifier.

When considering the circuit in Figure 1, with the parallel four plate structure, a CPT system consists of two
parallel plate capacitors. The strength of the coupling between transmitter and receiver side is determined by the main
capacitances C|3 between plates P; and Ps, and Cy4 between plates P, and P4. Undesirable parasitic capacitances,
cross-coupling C4 & C»3 and leakage C, & C34 capacitances, occur. These affect the coupling capacitance negatively.
These six capacitances are often mapped to the pi model (Figure 2) using Equations (1) - (3) [22]. This model consists
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of three capacitances: mutual capacitance C,,, primary capacitance C, and secondary capacitance C,. The larger the
parasitic capacitances, the larger the primary and secondary capacitances are. This weakens the coupling between
transmitter and receiver side. The pi model does not include parasitic elements such as the leakage resistance of the
medium. Therefore, in the following section, the operation of a parallel plate capacitor is discussed in more detail.
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Figure 2: Pi-model of CPT coupler

2.1. Lossy parallel plate capacitor

Losses in the pi model, which represent the CPT coupler, do not consist of parasitic elements such as the leakage
resistance of the medium. As CPT systems typically operate frequencies between 500 kHz and 15 MHz, parasitic
effects cannot be neglected. Losses occur in the medium and in the wiring. For this reason, the practical capacitor in
Figure 3 is considered [23-25]. This equivalent circuit bears the following elements:

The series capacitance Cy,,, caused by the wires connected to the terminals of the plates.

The series resistance Ry, caused by the the resistance of the wires and connections.

The series inductance Lg,,, caused by the wires and plates.

The parallel resistance R),,, caused by the dielectric medium between the coupler plates.

The ideal capacitance Cjy, that is used in the pi model.

Figure 3: Lossy capacitor



To determine the influence of the medium, this paper focuses on R, and C;;. These parameters are determined
by the medium itself and are not directly affected by the cabling.

The parameters R, and C;; have a significant influence on the power transfer between two metal plates. To
achieve power transfer between two plates, an alternating voltage is applied to the plates. When an alternating field
is applied, the dipoles in the medium align themselves to it as shown in Figure 4. This causes the capacitor to charge
and discharge, which results in a polarization current [23, 26]. At higher frequencies than several hundred kHz, not
every dipole fully aligns with the applied electric field. This causes friction between the dipoles and so dielectric loss.
In this manner, the dielectric constant € equals €’ — j - €/, with €' the dielectric constant and €”, the representation of
how much the dielectric can be polarized. For instance, the capacitance for a parallel plate capacitor, with area A and
distance d between the plates, is calculated with equation (4). Here Cy denotes the vacuum capacitance.
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Figure 4: (a): Dielectric without plate capacitor; (b): Dipoles orientation of dielectric with plate capacitor
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The total impedance of the parallel plate capacitor Z, becomes:

Ze = - &)
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This impedance can be translated to the parallel connection of the capacitance C;; and R, in Figure 3. Equations
(7) and (8) yield the frequency-dependent reactance and resistance for that parallel connection.
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As it is not feasible to measure the parallel equivalent of the coupler impedance, R, is transformed to its series
equivalent R, .
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2.2. Leakage resistance of a CPT system

When an alternating voltage is applied across the plates of a CPT system, losses will occur in the medium. These
losses are characterized by the leakage resistance. To determine the leakage resistance of the medium in a CPT
system, the circuit with six impedances in Figure 5 is considered. The impedances comprise the coupling capacitance
combined with the leakage resistance.
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Figure 5: Detailed impedance model of the four plate CPT coupler

The CPT coupler is assumed to be symmetric. This means that the distance, between the plates is equal along
their surfaces, the plates have identical sizes and the distance between the plates on the transmitter and receiver side
is the same. As a result, Z;3 to Z34 can be simplified with Equations(10) - (12).

Z13 = Zo4 = Zyain (10)
223 = Z14 = Zcross (1 1)
Ziy = Z34 = Zjeuk (12)

Based on these assumptions, the parameters of a new pi model (Figure 6), analogous to Figure 2, are found (full
derivation described in the appendix).

Zm — 2. Zmain ) Zcmss (13)
Zmain - Zcross
er — Zleak 'Zcrosx
Zleak + Zcross

_ Zleak 'Zcross
Zrcv == ., -
Zleak + Zcross

(14)
5)

The cross coupling and leakage impedance, Z,,s; and Z,., can be neglected when the distance between the
transmitter and receiver is smaller than 25 mm [27]. At this distance the parasitic impedances are significantly larger
than the main impedance Z,,;,, and so are Z, and Z,., significantly larger than Z,. This means that the pi model is
reduced to the mutual impedance Z,,. This is equal to twice the main impedance according to Equation (13). This
implies that the coupler can be described by two parallel plate capacitors in series. The total impedance of the CPT
coupler, according to the Equations (7) and (9), is given by Equation (17).

Zm =2'Zmain :z’Rc_z'j'Xc'id (16)
6,/ j

Y _2. 17

w-Cy-(e?+¢€"?) w-€-Cy 17

3. Parameter estimation of the CPT coupler via simulations

The extend pi model is validated in finite element (FE) software. The simulations are implemented in CST Studio
based on the model in Figure 7. The model consists of four identical square (300 mm by 300 mm) coupler plates (in
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Figure 6: New pi model of CPT coupler

black), 2 mm thick. An overview of the CPT coupler specifications used in the simulation is given in Table 1. The
medium (in white) is 5 mm thick. The two triangles (in red) indicate the ports of the two-port network (Figure A.11) to
which the model can be mapped. According to this, the main impedance is calculated in Y,;. Based on Equation (17),
the capacitance and parasitic resistance of the coupler is determined via FE simulations. These results allows to
validate the assumptions made in the previous section with FE simulation and measurements.

s
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1&2
—
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Figure 7: CST Studio model of a four plate structure system

Table 1: CPT coupler simulation specifications

Specification
Plate size 300 mm by 300 mm
Plate thickness 2 mm
Medium thickness 5 mm

Medium material ~ Air / Plexiglass / PTFE
Frequency range 400 kHz - 10 MHz

To validate the influence of the dielectric properties of a medium on the leakage resistance and coupler capacitance,
three different media are compared with each other. The first material is air which is commonly used as a medium
in literature and is assumed to have no dipole moment. The second medium measured, is polymethyl methacrylate
(PMMA) or plexiglass. As a third medium polytetrafluorideethylene (PTFE), which is often used a wire insulation, is
measured. This material is included in this paper as it can be found in literature that no dipole moment is present in
the molecules [28, 29]. As no practical dielectric properties are available in the FE software for these materials, the
complex permittivity of the materials is measured with the measuring set-up explained in the next section.

Equations (18) and (19) describe how the complex permittivity € = € — j - €’ is determined. Parameters C;; and
Ryeqs are measured with the set-up, shown in Figure 9a, while the vacuum capacitance Cy is obtained through FE sim-
ulations. By applying the measured permittivity values to the FE-model, the mutual impedance Z,, is determined by
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Figure 8: (a) Leakage resistance and (b) capacitance measurement/FE simulations of the CPT coupler for media air, plexiglass and PTFE.

the Y parameters obtained from the simulation. The result is an array of complex numbers, whose real part represents
the leakage resistance and the imaginary part is related to the coupler capacitance. The results are interpreted by using
Equation (16). The FE simulations are plotted as dashed lines in Figure 8.

C;
Cid :EI-CO :}e/ = —d (18)
Co
Rineas i 7 Rineas ’
tan0=T=;=>6 :T'E (19)
w-Cig € w-Cig

The extended pi model developed in section 2 and the findings from the FE simulations in section 3 are validated with
the laboratory set up shown in Figure 9a. An overview of the set-up is given in Fig 9b [30]. The set-up consists of
a height-adjustable platform that allows to alter the distance between transmitter and receiver. Two stepper-motors
move this platform with an accuracy of = 0.1 mm. For the measurements in this paper, the platform distance is fixed
so that the distance between the transmitter and receiver is 5 mm. The stepper motors are programmatically controlled
so that the experiments can be automated. An impedance analyzer, Wayne Kerr 6500, measures the capacitance and
leakage resistance of the CPT coupler. This device obtains the CPT’s impedance in the frequency range from 400 kHz
to 10 MHz which is typically used in CPT [3]. This device has an accuracy of 0.05 %. All components of the set-up
work together via a Python script that generates a CSV file with all the measurements at the end [30].

Each medium fills the 5 mm wide void between the 300 mm by 300 mm coupler plates, as shown in Fig 10. At
the time of measurement, the humidity in the room is 40% and the temperature 22.4 °C. Figure 8a shows the results
of the leakage resistance FE simulations (dashed lines) and measurements (full lines). An overview of the leakage
resistances of the three media at 1 MHz is given in Table 2.

Four main observations are possible from this figure. First, calculating the leakage resistance with the extended
pi model in Equation (17) yields three curves that matches the measurements. No deviation is visible, the extended pi
model yields the leakage resistance with an accuracy of 0.05 % or better for the given set-up. At higher frequencies,
from 5 MHz on, the deviation is approximately 20% and is presumably from an inaccuracy of the simulation model.
From this it can be further concluded that the parasitic elements such as the cross-coupling and leakage impedance do
not affect the leakage resistance.

Second, the figure shows that there is a leakage resistance present for air. At a frequency of 1 MHz, this is 2.84 Q
and thus not negligible. As the humidity of the room was 40 %, the leakage resistance of air is probably caused
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Figure 9: (a):Practical set-up of CPT impedance measurements; (b):Block diagram of the practical set-up

by the presence if water in the air. Water has a high permittivity, this for both the real (¢/ = 80) and imaginary
part (¢ = 0.12) [31, 32]. The higher the humidity, the higher the leakage resistance will be. Further, the leakage
resistance for air shows a dip at 2.3 MHz, see Figure 8a. This is probably due to the dielectric properties of one of the
components present in air.

Third, a leakage resistance is measured for PTFE. At a frequency of 1 MHz, this is 1.61 Q. Presence of dielectric
losses is caused by impurities in the material and the presence of a thin layer, less than 0.5 mm, of air between the
medium and the plates. Despite the fact that the loss tangent of the material increases, the leakage resistance decreases
with the increasing frequency. For PTFE, also a dip is noticed at 2.3 MHz. This caused by the presence of a thin layer
of air between the plates and the medium, since it occurs at the same frequency as the dip in air.

Fourth, the leakage resistance measured for plexiglass is much higher than for air and PTFE. At a frequency of
1 MHz, this is 17.89 Q, which is about 6 times higher than air and 11 times higher than the leakage resistance of
PTFE. This is due to the molecular structure of plexiglass, which is not as symmetrical as PTFE. This asymmetrical
structure causes a dimolle moment of 1.4 D at 10 kHZ while PTFE has a relatively small dipole moment above several
GHz [33, 34].

In Figure 8b the FE simulation (dashed lines) and measurements (full lines) are plotted for the coupler capacitance.
Table 2 gives an overview of the measurement and simulation results for the coupler capacitance at 1 MHz. As
expected, the capacitance increases as the permittivity increases combined with an increasing frequency. Further
it can be concluded that for frequencies up to 2 MHz, the resulting capacitance of the FE simulations describes the
measurement with a typical deviation of 15%. For higher frequencies, the deviation increases. The deviations between

Table 2: CPT coupler measurement & simulation results at 1 MHz

Leakage resistance R. [2] Coupler capacitance Ciq [pF]

Medium (simulation) (simulation)
Al 2.84 73.4
ir (3.55) (84.6)
) 17.2 180
Plexiglass (16.6) (188)
1.61 120
PTFE (1.67) (138)




measurements and simulations can be explained by additional parasitic couplings in practice. These are not included
in the simulations as they assume ideal conditions. This is probably also the reason why the deviation increases above
2 MHz when the parasitic couplings become stronger. No plot of the capacitance obtained from Equation (17) is
included as the real part of the permittivity was determined from the measurements using this equation.

sksamuany | | e

Figure 10: CPT coupler with (a) air, (b) plexiglass and (c) PTFE as medium.

4. Conclusion

An extended pi model for capacitive wireless power transfer (CPT) systems has been proposed that takes into
account the dielectric properties of solid media. Exceeding the state of research, the model reflect the frequency-
dependent permittivity and losses in media. The model was first validated against commercial finite element simula-
tions which yielded deviations of 15% to 20%. The model was then validated in experiment, using air, plexiglass and
polytetrafluorideethylene (PTFE) as media. The experiment testified that the extended model has an error of less than
5%. Hence, for the selected media, the proposed extended pi model is superior to FEM simulations.

Additionally, the measurements showed that a medium causes an increase in coupler capacitance. In comparison
to air, plexiglass and PTFE increase the capacitance by factor 2.45 and 1.63. Also, the experiment confirmed that the
medium’s dipole moment governs the losses in a CPT application. To further explore the application opportunities
of CPT, more dielectric data on solid media such as wood, bricks or polyurethane should be measured within the
frequency range, 500 kHz to 20 MHz, of capacitive power transfer. Furthermore, the outcomes should be further
validated in an experimental CPT set-up through electrical quantities.

Appendix A. Elaboration of two-port networks of a CPT coupler

In this appendix the complete elaboration of the two-port networks in Section 2 is given.

The coupler is characterized using two-port networks. To obtain the descriptive matrix of the circuit, Figure 5 is
divided into six sections, as shown in Figure A.11. Each section is represented by its own two-port network and thus
its own descriptive matrix [25]. How to determine these matrices is covered in the following paragraphs.

ABCD e,
ABCD"
'

Figure A.11: CPT coupler stripped to its ABCD form

The first two-port in this circuit is, describes the leakage resistance Z, via transformation matrix ABCD’. The
second two-port, is described by transformation matrix ABCD”. This matrix reflects the main and cross coupling
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impedances. These impedances have their own admittance matrix, Y; and Y», respectively. Then these matrices Y
and Y, are summed to form the admittance matrix Y. Admittance matrix Y is transformed to transformation matrix
ABCD". The third transformation matrix ABCD’” describes the leakage resistance at secondary side. The CPT cou-
pler is described by the total transformation matrix ABCD, the product of the three transformation matrices ABCD’,
ABCD"” and ABCD"” [25]. The first step is determining admittance matrices Y, and Y,. Figure A.12 represents a
general circuit where the components are considered as a black box. The following equations are used to determine
the admittance matrices.

L=Y1-Vi+Y-V, (Al)
L =Yy -Vi+Yyn- -V, (AZ)
I I,
T t
v T Wo-por v T
! network 2
o——] ——70

Figure A.12: General two-port network

Based on these equations, the behavior of impedances Z3, Zy4, Z»3 and Zy4 in Figure A.11 is described in Equa-
tions (A.3) and (A.4).

Admittance matrix Y} with impedances Z;3 and Z4: Admittance matrix Y, with impedances Z,3 and Z4:
_1 __1 _1 _1

Y, = Zla+lzz4 Z|31+Zz4 (A.3) Y, = ZZ}‘;ZM Zza*l'zm (A.4)
T Zi3+Zn Zi3+24 In+Zyy Zp3tZiy

Because these two networks are in parallel with each other, the two admittances matrices Y; and Y, are summed
resulting in Y.

Zi3+Zoa+Z3+Z14 Zi3+Zoa=Z03-Z14
Z13+2Z4)(Zo3+Z; Z13+2Zr4)(Zo3+Z,

Y=Y +Y, = (Zi3+Z04)(Zn3+Z1s)  (Zi3+224)(Zo3+Z14) (A.5)
Ziz+Zoa=Zp3—Z14 Zi3+Zoa+Z3+Z14

(Z13+224)(Zo3+Z14)  (Z13+Z224)(Zo3+214)

Assuming the coupler is symmetric, the impedances Z;3 to Z34 are simplified.

213 = Zo4 = Zinain (A6)
Zy3 = Z14 = Zeross (A7)
Z12 = Z34 = Zieak (A.8)

Using these assumptions, the admittance matrix Y is simplified.

ZinaintZeross Zinain=Zeross
Y = 2-Zyain'Zeross  2-Zmain*Zeross (A.9)
Zinain=Zcross ZinaintZeross

2-ZainZeross 2 Zmain*Zeross

As shown in Figure A.11, the coupler is divided into ABCD parameters. To contribute to this, the admittance
matrix Y has to be converted to transformation matrix ABCD"”. This is done using Equation (A.10).
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A B e} =
— Y2 Yy (A 10)
Y51-Y21-Y11-Y; -Y
D 1Yo =YY 1
¢ L Y2 Y2
ZngintZeross  2-ZmainZeross
— ABCD" = Zcross—Zmain Zcross—Zmain (A.11)
2 ZmaintZeross
L Zcross—Zmain Zcross—Zmain

The transformations matrices ABCD’ and ABCD'” describe the behavior of the leakage impedance Z,, at the pri-
mary and secondary side. Because of the assumed symmetry of the coupler, ABCD’ and ABCD'" are equal. Based on
Figure A.12, the leakage impedance Z;. is considered as a black box. This system is described by Equations (A.12) -
(A.14).

Vi=A-Va-B- b (A.12)
L=C-Va-D-h (A.13)
0
— ABCD' = ABCD"" = (A.14)
0

Zieak

The behavior of the coupler is described by transformation matrix ABCD. The coupler is divided in three separate
parts ABCD’, ABCD"" and ABCD’”. The multiplication of these three parts forms the matrix ABCD.

ABCD = ABCD' - ABCD"” - ABCD"" (A.15)
1 0 ZnaintZeross  2-ZmainZeross 1 0
— Zeross=Zmain Zeross—Zmain (A.16)
1 2 Zinain*Zeross 1
L Zieak Zeross—Zmain — Zeross—Zmain Zieak
Zmain+Zcross 2ZmainZcross 2ZmainZcross
Zcross—Zmain Zleak(Zcross—Zmain) Zcross—Zmain
= o o (A.17)
Zmain+Zcross 2ZmainZcross
Zmain+Zcross 2 4 Zeross—Znain ~ ZleakZeross—Zmain) Zmain+Zcross 2ZmainZcross
| Zleak(Zcross—Zmain) Zcross—Zmain Zleak Zcross—Zmain Zleak(Zcross—Zmain)

To describe the coupler by the pi model, the transformation matrix ABCD is transformed into admittance matrix
Y.. This transformation is done by the following equations:

D B:C-A-D
Yin Yo 7 5
= : 4 (A.18)
Y Yo z 3
Zieak +2-Zinain) Zeross + Zieak Zmain =Zeross+Zumain
=Y. = 2-ZcrossZmainZieak 2-Zinain*Zeross ( A. 19)

=ZerosstZmain

2-ZinainZeross

Zieak+2-Znain)Zeross+ Zieak Zmain
2-Zeross Zmain“Zieak

Based on matrix Y., the three admittances, Y,,, Y;, and Y,,. This allows a pi model to be formed analogues to the

earlier model in 2.

_Zcross + Zmain

1
Y, = —=-Y. =-Y. = (A.20)
" Zm o ! 2- (_Zcross . Zmain)
1 Zieak + Z
Yyp=— =Y, +Y,, = kT Ccow (A21)
Ztr Zleak : Zcross
1 Zioak + Z,
Yoy = — =Y, + 7, = kT Zcow (A.22)
Zrcv Zleak ' Zcross
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