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ABSTRACT Capacitive power transfer (CPT) is a near-field wireless power transfer (WPT) technology that
has attracted attention in different charging applications. By utilizing electric fields, CPT gives charging
systems advantages in terms of cost, weight, flexibility, and mobility. This paper surveys a number of
empirical published works in a period between 2015 and 2023. Additionally, it discusses theoretical and
practical design considerations of a CPT system to understand and improve the technology and its appli-
cations. The paper studies the one- and two-port measuring approaches using vector network analyzers to
determine the coupling parameters and compares the measurements to the simulated values using COMSOL
Multiphysics©. The two-port approach gives more accurate results than the one-port approach. The paper
designs and tests a 13.56 MHz CPT system using the two-port measurement results. The system transfers
100 W at 87.4% efficiency and 30 mm separation distance. Lastly, the paper discusses the design limitations
and challenges of the CPT systems, aiming to emphasize the design obstacles that can drive the advancement

of the CPT systems for wireless charging applications.

INDEX TERMS Wireless power transmission, capacitive power transfer, couplings, VNA, two-port.

I. INTRODUCTION

Wireless power transfer (WPT) has received considerable
attention in various electric charging applications. The Inter-
national Telecommunication Union [1] defines WPT as “the
transmission of power from a power source to an electri-
cal load using the electromagnetic field.” Near-field WPT,
or ‘“‘non-beam” WPT, is a non-radiative propagation WPT
technique in which the sizes of the transmitter and the
receiver are much smaller than the wavelength of the elec-
tromagnetic waves [2]. It can transfer low to medium levels
of electric power over a range of hundreds of millimeters
without mechanical contact and using simple to moderate
system architecture. It provides an autonomous, safe, flexi-
ble, and reliable charging approach for high-power charging
applications.

The associate editor coordinating the review of this manuscript and

approving it for publication was Alon Kuperman

Near-field WPT is categorized into magnetic field coupling
and electric field coupling based on the type of coupling.
Magnetic coupling, or Inductive Power Transfer (IPT), trans-
fers power between a power source and an electrical load by
means of magnetic fields. Capacitive coupling, or Capaci-
tive Power Transfer (CPT), wirelessly transfers power using
alternating electric fields confined between conductors. IPT
systems typically employ basic compensation circuits with
systems’ efficiency greater than 90% [3]. Besides, they can
transfer higher power levels across larger separation distances
compared to CPT systems [4]. Unlike magnetic field coupling
based WPT technologies, CPT has some merits, including
lightweight, low-cost, low eddy-losses in nearby metals, and
good misalignment tolerance [3], [4], [5], [6].

Capacitive charging provides solutions in many appli-
cations such as safety fields, consumer -electronics,
transport, electric machines, biomedical, and miscella-
neous applications [7]. For transport charging applica-
tions, CPT was proposed to charge on-road vehicles [8],
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FIGURE 1. System efficiency versus separation distance.

maritime vessels [9], [10], [11], and unmanned maritime
vehicles [12], [13]. In the literature, many papers have
reviewed different perspectives on CPT investigating con-
verter topologies, compensation circuits, and structures [3],
[4], [14], [15], [16], [17]. However, this paper focuses on
surveying a number of published experimental works over the
last decade while also discussing the theoretical and practical
considerations, challenges, and limitations of designing a
CPT system. Additionally, it uses Vector Network Analyzer
(VNA) to measure the capacitive coupling parameters. Based
on the measurement results, a 13.56 MHz CPT system is
designed as a case study. The paper aims to shed light on
various aspects of designing a CPT system.

Il. SURVEY OF CPT DEVELOPMENT

Although Nikola Tesla firstly demonstrated WPT using
capacitive coupling as early as 1891, research on CPT did
not receive significant attention until 2008 [4]. Since then,
several experimental works have been conducted to enhance
the overall system efficiency and enable power transfer over
wide separation distance ranges [18], [19], [20], [21], [22],
(23], [24], [25], [26], [27], [28], [29], [30], [31], [32], [33],
[34], [35]. Dai and Ludois [4] surveyed the empirical pub-
lished works in a period between 2008 and 2015, examining
relationships between different aspects of CPT systems, such
as power, efficiency, frequency, and separation distance. This
section extends the survey by examining some of the pub-
lished works from 2015 to 2023.

Fig. 1 shows the efficiency of the examined CPT sys-
tems plotted against the separation distance. The size of
the bubbles represents the power levels of the systems. The
figure indicates that power transfer has been examined over
separation distances ranging from a few millimeters up to
300 mm. However, in the past decade, the focus has been
on building CPT systems with separation ranges between
150 mm to 360 mm. These separation distances are suitable
for electric vehicle (EV) charging applications, as the ground
clearance varies depending on the type and load weight of the
vehicle.

The efficiencies of all examined systems are above 65%.
Systems that transfer kilowatt power levels can achieve high
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FIGURE 3. Power versus operating frequency.

efficiencies, as also shown in Fig. 2. When dealing with
kilowatt power levels, it is crucial to have a high-efficiency
CPT system; otherwise, a heat dissipation system would be
required, increasing the overall system weight and cost. Fig. 1
and Fig. 2 demonstrate that some systems with power around
100 W have an efficiency of less than 80%, but they can
operate at wider separation distances exceeding 100 mm. The
operating frequency of CPT systems ranges from 200 kHz
to 27.283 MHz, as shown in Fig. 3. The Medium Frequency
(MF) range, particularly 1 MHz, is the most commonly used
operating frequency. Researchers have also managed to trans-
fer kilowatt power levels at High Frequency (HF) operation
ranges.

In the last three years, CPT have utilized HF ranges to
transfer power levels up to a few kilowatts. Between 2015 and
2023, the researchers have made significant advancements in
CPT systems, enabling high-power transfer at high operating
frequencies, achieving high efficiency, and supporting wide
separation distances. With the continuous advancement of
semiconductor switches, it is likely that CPT systems will
operate in the High Frequency (HF) range to transfer power
over wide separation distances.

IIl. ELEMENTARY CONSIDERATIONS

This section discusses the fundamental principle of capacitive
coupling, the main design factors, and the general structure of
CPT system.
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A. FUNDAMENTAL OPERATION PRINCIPLE

As previously defined in Section I, CPT transfers power
from an electrical power source to an electrical load through
alternating electric fields. The fields induce displacement cur-
rent between the transmitter and the receiver electric circuits.
The physical principle of the CPT is embodied in Maxwell’s
equations which can be presented as

ﬁx(€x§)=—%(Vx§), (1)

where E is the electric field (V/m), B is the magnetic field
(T). Isolating electric and magnetic fields in (1) gives

%’(ﬁ’ E)—VZE——E oF + eg )
= Tar\M kear |

where p permeability (H/m), o is the conductivity of the
medium 2/m, and ¢ is the absolute permittivity of the medium
(F/m). The right terms in (2) are the displacement cur-
rents corresponding to the time-varying electric displacement
fields.

If two conductive plates are uniformly charged with oppo-
site charges distributed over their surface, uniform electric
fields are confined between them. However, when the separa-
tion distance between the plates is comparable to the dimen-
sions of the plates, the assumption of uniform electric fields
is no longer valid, and the fringing effect cannot be neglected.
The fringing is the nonuniform distribution and the bending
of electric fields near the edges. Several analytical and numer-
ical models tried to calculate the capacitance considering
the fringing effects [36]. The fringing fields can couple the
plates with the ground or any charged object in proximity,
leading to the formation of stray and parasitic capacitors. The
stray and other parasitic coupling capacitances significantly
impact the design and performance of CPT systems. Besides
capacitance, some factors are important in the design of CPT
systems.

B. DESIGN FACTORS

The power transferred by a CPT system depends on capacitive
coupling, the frequency of the alternating electrical fields,
the voltage across the coupling plates, and the phase angle
between the voltages and currents in the system. Therefore,
the design metrics or factors that influence the overall system
performance of a CPT system are [11]:

1) THE CAPACITIVE COUPLING

The capacitance depends on the geometries of the plates,
the distance between the couplers, and the medium charac-
teristics between them. The plate thickness can negligible
affect the coupling [24]. But it should be considered for accu-
rate design depending on the side-by-side distance between
the adjacent plates and the separation distance between the
transmitter and the receiver sides. Various geometric config-
urations were adopted for CPT coupling structures, namely,
conventional rectangular shape, cylindrical [37], disk [37],
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and matrix platform [38]. The coupling factors of these struc-
tures widely vary, where the rectangular factor is higher than
0.95, whereas the disk shape is less than 0.5 [37]. The matrix
structure gives freedom of movement, but it suffers from low
efficiency and may require complex control techniques.

A large surface area of the plates causes an increase in the
capacitance, a reduction in the electric field, and a reduction
in the fringing effect. However, vast areas can be a challenge
to realize in practice. The separation distance between the
couplers is another factor that affects the value of the coupling
capacitance. If the transmitter and the receiver couplers are
farther apart, the effective coupling drastically decreases, and
the system is said to be ““loosely coupled.”

The electric properties of the separation medium between
the transmitters and receivers play a critical role in capacitive
coupling. The air is the common medium between the plates
for on-road EV charging applications. As the permittivity of
the air is about 1.0006 times the permittivity of the vacuum
(.., &9 ~ 8.85 x 107!2 F/m), the air-gapped coupling
capacitance is in the pF range. Inserting a material layer with
a high dielectric between the couplers instead of air enhances
the coupler’s capacitance.

Researchers proposed the vehicle’s wheels [39], win-
dows [40], or bumper [4] to minimize the air gap and confine
the field during charging. Water or air can be a separa-
tion medium for maritime charging applications between the
CPT couplers. Unlike air, the permittivity of water is about
80 times higher than that of air. It depends on the character-
istics of water, such as salinity and temperature. The salinity
of seawater can increase the coupling capacitance. But it also
causes a dielectric loss that degrades the overall efficiency of
the system [12], [13], [36].

2) THE OPERATING FREQUENCY

Operating at a higher operating frequency can result in
improving the overall energy density of the system and
the capability of increasing the distance of power trans-
fer between the couplers. Operating frequency ranges from
MF to HF were proposed in the literature, as previously
shown in Fig. 3. In the MF ranges, 200 kHz [18], [41] and
848 kHz [42] were used but over air-gapped separation dis-
tance of less than 1 mm. Higher frequencies in the MF ranges
were also proposed such as 1 MHz [43], 1.5 MHz [25], and
2 MHz [44]. In the HF ranges, 3.4 MHz [45], 6.78 MHz [46],
13.56 MHz [47] and 27.12MHz [29]. But, high operation
frequency can cause high losses and complicate the design
and controlling processes.

3) THE VOLTAGE ACROSS COUPLERS

The power transfer is proportional to the voltage squared, and
it also depends on the phase shift between the voltage across
the couplers and the induced current flows through the circuit
nodes. Thus, if a high voltage is applied across the couplers,
electric fields increase, and more energy can be transferred.
A wide variation of compensation networks helps achieve
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FIGURE 4. Block diagram of a general structure of a CPT system.
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high voltage levels and compensates the phase shift between
the voltage and current to achieve high power transfer. The
compensation networks can be categorized based on the res-
onation principle, where each category has pros and cons [5].
Isolating transformers can also be used to isolate, compensate
and boost the voltages [48].

When the separation medium between the couplers is the
air, the coupling capacitance is in pF range, and the voltage
across the couplers can reach hundreds or thousands of volts.
Applying a very high voltage across the couplers may result
in arcing or even a breakdown voltage fault. It also requires
expensive components for the compensation circuits that can
withstand high voltage ranges. Besides, increasing the volt-
age increases the electric field between the plates and the
fringing field intensity field, which may exceed the safety
requirements of the human body.

C. GENERAL SYSTEM STRUCTURE

A block diagram of a CPT for charging applications is shown
in Fig. 4. The power source can be an ac grid, a dc grid,
a battery unit, or a hybrid combination of ac and dc sources.
The connection to an ac grid can face harmonics and power
factor challenges due to the nonlinear behavior of the power
electronics interface. Thus, the connection should com-
ply with the international standard, IEC 61000-3-2, which
prescribes the maximum amplitude of the line frequency
harmonics [49].

Passive filters or front-end ac-dc converters are needed to
correct the power factor and minimize the current harmonics.
Whereas the passive filters comprise bulky components and
cannot regulate the power flow and output voltage levels,
front-end converters suppress the harmonic contents and con-
trol the power flow actively. Various bridgeless converters are
proposed for power factor correction applications [50], [51]
that can be an attractive option for a CPT charging system.
In contrast, connecting to a dc grid or batteries requires
dc-dc converters to step up or down the source voltage to the
required input voltage for the CPT system.

Capacitive coupling is the essential part that transfers
between electrical networks by means of electric fields. Var-
ious arrangements of plates to form capacitive couplers were
proposed, as illustrated in Fig. 5. The two-plate arrangement
is a quasi-CPT, proposed to simplify the capacitive cou-
pling structure, where the ground forms the common return
path [52]. In this structure, the stray capacitance between the
chassis of EV and the ground provides a return path that
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(d)

FIGURE 5. Capacitive couplers structure: (a) A Two-plate structure [52].
(b) A four-plate horizontal structure [19]. (c) A four-plate vertical
structure [21]. (d)A six-plate structure [24], [46], [53].

can result in dangerous high voltage variation on the vehicle
chassis and Electromagnetic Interference (EMI) problems.

The four-plate horizontal structure is the most commonly
used and tested in the literature [19]. Compared to the
four-plate horizontal structure, the four-plate vertical struc-
ture was proposed as a more compact arrangement to save
space [21]. But the size of plates B and D should be larger
than that of plates A and B. Finally, the six-plate recently
received more attention, a four-plate horizontal structure with
two extra plates shielding the electric field and expanding the
safety area [24], [46], [53].

Compensation circuits are required to achieve Zero Phase
Angle (ZPA) reducing the reactive power and increasing the
active power transferability. Double-sided symmetrical com-
pensation typologies, including L, LC, LCL, LCLC, CLLC
compensations, were commonly used [7]. Other researchers
proposed a single-sided primary compensation [43], [46],
[53]. Although the compensation for a capacitive coupling
can be applied on the transmitter side only, an impedance-
matching network is required at the secondary side to achieve
high efficiency over a wide load variation.

The configuration of compensation circuits depends on
the type of input and output of the resonant circuits. For
instance, a T-circuit configuration is required to have a
constant-voltage output. In contrast, a m-circuit configura-
tion is required to achieve a constant-current output for a
constant-voltage input of the compensation circuits [15].
Increasing the resonant components in the compensation cir-
cuits will increase the overall cost of an CPT system and the
difficulties of the design and realization in practice.

The compensation or impedance-matching network on the
receiver side is followed by an ac-dc rectifier which converts
the received alternating power to constant power. Following
the rectifier, a dc-dc converter is required to keep the effective
output load of the rectifier close to the optimal load. The
dc-dc converter is needed to connect to a dc grid or batteries.
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It adjusts the output voltage to the required voltage level and
can be operated as active impedance matching.

IV. THEORETICAL CONSIDERATIONS

Operating in MF to HF, the corresponding electromagnetic
wavelength will range from tens to hundreds of meters,
making the lumped circuit element approximations of circuit
theory valid. The network theory would help bridge the gap
between field analysis and circuit theory. Thus, this section
presents some of the elements of the network theory that are
useful in the study of CPT systems. It discusses the main con-
cepts, the fundamental principles, and the basic elementary
network theorems based on the details in [54] and [55].

The physical principles of the network theory are embodied
in Maxwell’s equations, as expressed in (2). Thus, the net-
work theory follows two main physical principles.

The first principle is the linearity principle, which is based
on the linearity of Maxwell’s equations. A CPT system can be
modeled as a linear two- or multi-port network, characterized
by using a number of linear impedance elements, which are
passive elements with two terminals. Capacitance and induc-
tance are impedance element values that describe the lossless
operation of a network and represent the flow of energy in
the form of electric and magnetic fields. The resistance and
conductance are the impedance element values that represent
the losses in the network.

The second principle is the duality principle, resulting from
Maxwell’s equations’ symmetries. The duality gives great
convenience in analyzing WPT systems. Based on this prin-
ciple, IPT systems can be considered dual for CPT systems.
For instance, a IPT system can be modeled as a black box that
contains a network of impedances. In contrast, a CPT system
can generally be modeled as a black box with a network of
admittances.

Four network theorems are helpful for WPT analysis:
superposition, reciprocity, Thevenin/Norton, and bisection
theorems. The superposition theorem follows directly from
the linearity of Maxwell’s equations. It states that if more
than one source is present in a linear bilateral network, the
response across any element in the network is the sum of
the responses obtained from each source separately. The reci-
procity theorem, which follows the symmetry of Maxwell’s
equations, states that the admittance and impedance matri-
ces are symmetrical. However, this theorem fails if the net-
work contains active devices or nonreciprocal mediums (e.g.,
Ferrites). Norton’s (Thevenin’s) theorem states that any net-
work having two accessible terminals can be simplified to
an equivalent circuit consisting of a single current source
(a single voltage source) and parallel admittance (series
impedance) that is connected to a load. Finally, the bisection
theorem states that if equal voltages are applied to the termi-
nals of a symmetrical network, no current will flow across the
symmetrical components.

A capacitive coupler is an electrical network with one
or more impedance elements connected at nodes forming
electric meshes. If the impedance elements are known, then
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FIGURE 6. Capacitive couplers: (a) Theoretical coupling admittances.
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(f) Circuit equivalent T-network model. (g) Behavior current-source
model. (h) Behavior voltage-source model.

the current flows into, and the voltages applied on a network
can be found using the law of conservation of energy and the
law of conservation of charge (i.e., Kirchhoff’s voltage law
and Kirchhoff’s current law, respectively). Using these two
laws, the mesh currents can be expressed as a function of the
applied voltages in a mesh. Various electrical network con-
figurations were proposed to model the capacitive coupling
between plate structures. Theoretically, capacitive couplers
can be modeled considering the medium losses using cou-
pling admittance, as illustrated in Fig. 6 (a). In practice, how-
ever, three types of coupling can exist (1) effective-coupling
(Yac and Ygp), (2) cross-coupling (Yap and Ygc), and (3)
self-coupling (Y ap and Ycp), as shown in Fig. 6 (b).

An ideal voltage or current transformation can be used to
model these coupling admittances, which are equivalent to
a transformer model, as in Fig 6 (c) and (d), respectively.
In these models, the admittance Y, or the impedance Z, are
equivalent to the mutual coupling in an electromagnetic net-
work, while the admittances Y11 and Y, or the impedances
Z11 and Zy; are equivalent to the leakage or the stray coupling
to the ground.

Using the concept of the electrical network, the voltages
and currents in the network can be considered unknown vari-
ables, which can be obtained using a simple set of equations.
Fig 6 (e) shows the circuit equivalent m-network model,
which is the most common model used to model CPT systems
in the literature. The circuit equivalent 7-network model
is mainly used in modeling IPT. Still, it can be used to
model CPT systems using the duality principle [41], [56],
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as illustrated in Fig 6 (f). Behavior source models are other
approaches to represent WPT system. Fig. 6 (g) shows the
behavior current-source model, which is the most commonly
used in CPT [24], [52]. The behavior voltage-source model
has recently attracted more attention in CPT analysis [41],
[56], as shown in Fig. 6 (h).

All the models presented in Fig. 6 are 2-port models. The
models shown in Fig. 6 (d), (f), and (h) are proposed to
compare magnetic field coupling to electric field coupling.
However, the models in Fig. 6 (c), (e), and (g) are closer to
the actual capacitive coupling system. The calculated or mea-
sured values of the coupling admittance can be implemented
directly into these models.

Mathematically, the 7 -network model can be expressed as

(Yac + Yap) - (YBc + YBD)

Yiin—Yn=Yas+ (3
Yac + Yap + Yc + YBD

(Yac + YBc) - (Yap + YBD)
Yoo — Yo =Ycp + 4)
Yac + Yap + Yec + YBD

Yac - YBD — YaD - YBC
Yo = ©)
Yac + Yap + Ysc + YD

If the impedance elements are known, the current flows
into, and the voltages applied on a network can be found using
Kirchhoff’s voltage and current laws. The voltage and current
on the transmitter side can be expressed as a function of the
voltage and current on the receiver side as follows.

[]=[e ][] ®

Y-V €1
. Y12 5 Yo V2 @)
T QuY) - Yh v=Yn || L
1

Y1 Y2

The determinant of the matrix is unity. For a lossless CPT
system, A and D are purely real, and B and C are pure imagi-
nary values if the CPT system is symmetric (i.e., Y12 = Y21),
then A = D. This representation is more convenient when the
capacitive two-port network is cascaded with other networks,
such as the compensation circuits.

If a 2-port network is connected to a current source (/s and
Ys) and an arbitrary load Y1, as shown in Fig. 7 (a). Then, the
input admittance Yj,, as seen watching from the source side
is expressed as [57]

Yin =Y — ®)

The source circuit can be replaced by its Norton equivalent,
as illustrated in Fig. 7 (b), and expressed as

Y2
You = YN = Yoo — —2— 9)
Yii+7Ys
R (10)
Yii+7%s

The degree of coupling between the transmitter and the
receiver side is the coefficient of coupling and can be
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FIGURE 7. A general representation of CPT system connected to a source
and a load: (a) Two-port network connected to a source and an arbitrary
load. (b) The equivalent circuits use Norton’s theorem.

expressed as

PR { (11)
VA STRED 67

This parameter ranges from negative unity to unity, where
the negative represents the phase inversions.

Corresponding to the admittance matrix is the scatter-
ing matrix, which comprises the scattering parameters,
also known as ‘‘s-parameters”. Researchers have used the
s-parameters to analyze CPT systems [12], [58], [59]. The
admittance Y matrix is related to the scattering matrix S by

- L. “1E -
V= E+SE-S) (12)

where E is the identity matrix, 50 2 is the reference resis-
Si1 S12
$21 822

Accurate determination of coupling parameters is essential
in designing a CPT system. Some researchers use Finite
Element Method (FEM)-based software [21], [24], [52] to
calculate the coupling between the plates, or they measure
the parameters using impedance analyzer [36], [46], [47],
[53]. Other researchers [12], [13], [57], [59] use VNA to
utilize the s-parameters directly. Calculating or measuring
the coupling parameters requires accurate modeling. The next
section introduces some practical considerations for finding
these parameters.

tance, and § = |: :| is the scattering matrix.

V. PRACTICAL CONSIDERATIONS

Selecting the required compensation and optimizing the effi-
ciency of the system depends on accurately measured or cal-
culated capacitive coupling parameters. Usually, FEM-based
software calculates the coupling capacitance between the
plates. Calculating the capacitances between several plates is
achieved by calculating the charge of any plate and the elec-
trostatic potentials on all other plates. The relations between
the charge of the i plate to the voltages of all plates in the
system are described by the Maxwell capacitance matrix [60].
The diagonal elements of his matrix Cj; are determined by
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FIGURE 8. Types of measurement techniques: (a) Reflection,
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calculating the charge on the i plate when only the voltage
is applied to this plate and other plates are grounded. Thus,
the diagonal elements are the addition of the self-capacitance
(i.e., the stray or parasitic capacitance between the plate to
infinity) and the mutual capacitances (i.e., the capacitances
due to the potential differences between the plates).

The Maxwell capacitance matrix is calculated numerically
by solving the electrostatic potential, which depends on the
boundary condition. In Ansys Maxwell©, the boundary con-
dition is floating at infinity in which a matrix reduction opera-
tion is applied within a margin of error [61]. In this condition,
the boundary is disconnected from the ground at infinity and
assumed as it is a perfectly conducting surface over which the
potential is constant. The condition implies that the electric
fields are perpendicular to the boundary. Another approach
is the zero charge boundary condition which assumes that
the electric field lines are tangential to the boundary. In this
condition, the boundary is assumed to be a perfectly insu-
lating surface through which the charge cannot redistribute
itself. COMSOL Multiphysics© can apply both conditions
and take the average of the two is sufficient for practical
application [62].

The coupling parameters can be measured using either an
impedance analyzer or VNA. An impedance analyzer is a
four-terminal device that uses the I-V method (i.e., a current
source and sensitive voltmeter) to measure the impedance
over a wide frequency range accurately. It has excellent
measurement stability after calibration, but test fixture stray
impedance and admittance need to be accurately elimi-
nated [63]. In contrast, VNA is a device that has one, two,
or four ports that use s-parameters to measure the impedance
over a frequency range from a few hundreds of hertz to
GHz. It requires calibration each time the instrument is turned
on or the frequency setting is changed [63]. However, the
calibration parameters can be stored and reloaded each time
they are required. A check on the validity of such calibration
should be performed from time to time. Both devices should
give results that agree with each other within the uncertainty
in a frequency range from 30kHz to 100 MHz [64].

Several measurement techniques can measure the cou-
pling parameters using VNA: reflection, shunt-through,
series-through, m-network, and the I-V method [63]. Fig. 8
illustrates the reflection, shunt-through, and series-through
techniques.

The reflection technique requires one port only to achieve
the measurements, as it uses the reflection coefficient by
measuring the ratio of the incident signal and reflected signal
(i.e., I' = %/v). The admittance can be calculated from the
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reflection coefficient as
yo— - 12T 13
750 14T (13

The directional coupler measures the reflected signal at a null
balance point. Thus, this technique gives accurate results if
the measured impedance is close to or equal to the device
reference impedance (50 €2).

The shunt-through technique requires two ports. The cou-
plers are connected parallel to the two ports, and the measure-
ments can be calculated using the following expression.

_ 2 1-—=357;
T 50 Sy

This technique is more suitable for high admittance measure-
ments since it depends on the transmission coefficient.

The series-through technique requires two ports. The
couplers are connected in series to the two ports, and the mea-
surements can be calculated using the following expression.

1 S21
Y= — . =2
2-50 1-—589

This technique is more suitable for low-admittance measure-
ments as it depends on the reflection coefficient but is still
sensitive to calibration uncertainty.

The series-through can measure the coupling capacitance
between using a one-port of VNA. Measurements can be
modeled using the -network model for capacitive coupling.
Previously, the VNA has been used to measure the coupling
admittance [12], [13], [57], [59]. The ports of the VNA are
connected to the two plates of the coupler, while the other
plates are connected to the ground of the VNA. For a shielded
CPT system, the shield plates should also be connected to
the ground of the VNA, as shown in Fig. 9. For instance,
the effective-coupling admittance between plates A and C is
modeled as Y oc, as illustrated in Fig. 9. The stray admittance
Y aco models the leakage admittances to the ground and the
parasitic coupling with other plates.

One-port of VNA can measure the capacitive coupling.
Using the short-circuit and open-circuit approaches, shown
in Fig. 9(b), the effective-coupling admittance and its stray
capacitance can be expressed as

Y, (14)

15)

Yse = Yaco = Yaco (16)
Yic
Yoc = Yaco — o, 17
Yaco
where Yaco = gaco + joCaco models all the stray and

parasitic addmitances. In the air-gapped shielded CPT sys-
tem, the conductivity (i.e., the real part of the admittance) is
negligible. Then the capacitances can be calculated directly
from the imaginary part of the admittances.

The two-port of VNA can also measure the capacitive
coupling. Fig 9(c) shows the measurement can be achieved
using the two-port of the VNA. The two-port approach can
achieve the measurement in one step compared with the one-
port approach, which requires two measurement steps. The

VOLUME 11, 2023



H. Mahdi et al.: Design Considerations of Capacitive Power Transfer Systems

IEEE Access

A C
Shicld
Shield ____

10 mm

Couplers i

5 Couplers

30 mm d

(a)
Equivelent circt

Shor-circuit
———l | S

‘

\ (b) ALY ¢
= HE Sk

Two-port

(©
FIGURE 9. Shielded CPT: (a) Physical dimensions. (b) One-port
measurement approach. (c) Two-port measurement approach.

admittances can be measured using the two-port as follows

1
Y=—(E-S)(E+S)"' (18)
Zy
_ |:YAC +Yaco —Yac ] (19)
—Yac  Yac+Yaco]’

where Zy = 5012 is the reference impedance, E is the identity
matrix, and S is the s-parameter matrix that achieved from the
measurements.

VI. CASE STUDY: DESIGN A 13.56 MHz CPT SYSTEM

This section describes the design and measurement of a
shielded CPT system operating at a frequency of 13.56 MHz.
The system composes four 150 x 250 mm plates which form
the couplers (A, B, C, and D), and two 250 x 300 mm shield
plates. The distance between the adjacent plates (i.e., AB or
CD) is 10 mm, and the distance between the couplers and
shields is 30 mm, as shown in Fig. 9(a).

The coupling parameters can be measured using the one-
and two-port approaches discussed in section V. Using the
one-port approach, the effective-coupling capacitance can be
calculated using the short-circuit and open-circuit techniques,
as illustrated in Fig. 9 (b). In contrast, the parameters of the
m-network model are directly achieved from (19) using the
connection shown in Fig. 9(c). Similarly, the cross-coupling
between plates A and D or B and C can be measured using
the aforementioned approaches.

Fig. 10 shows the measured and simulated changes in
the effective- and cross-coupling capacitances with vary-
ing separation distances. The calculated values are achieved
using the equation C = ¢4/s, the simulated values are
given by COMSOL Multiphysics©, and the measured values
are achieved using both one- and two-port approaches. The
one-port measurements provide close values to the calculated
ones, while the two-port measurements give close values
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FIGURE 11. Measured values of stray capacitance.

to the simulated ones. The difference between the one-port
and two-port measurements is attributed to the high stray
capacitance values at short separation distances, which can
introduce calculation errors in the one-port approach.

Fig. 11 shows the stray capacitances for both the effec-
tive and cross-coupling cases. The stay capacitances have
higher values compared to effective and cross-coupling
capacitances. The stray capacitance of the effective coupling
(Yaco or Yppo) mainly composes the self-coupling capaci-
tance and the parasitic capacitance between the plates and
shields. Thus, it merely changes when the separation distance
between the plates is increased. In contrast, The stray capaci-
tance of the cross-coupling (Yapo or Yscp) mainly composes
of the stray capacitance between A and C. Thus, it decreases
when the separation distance is increased.

Compared to the reflection, shunt-through, and series-
through measurement techniques, the one- and two-port
methods can directly measure the stray admittances. As the
series-through technique has a similar connection configura-
tion to the one- and two-port techniques, Table 1 presents
the measured coupling parameters at a separation dis-
tance of 30 mm. The series-through, one-port, and two-port
techniques are compared, showing that the two-port tech-
nique provides closer results to the simulated values. The
series-through technique gives closer results to the two-port
technique, but additional measurement steps are required
to measure the stray capacitance. The one-port technique
is less accurate, especially for cross-coupling capacitances
(Cap and Cpc), due to calculation errors resulting from
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TABLE 1. The measured coupling parameters at 30 mm separation
distance.

Coupling parameters | Series-through | One-port Two-port
Cac (pF) 11.5842 11.7408 11.4761
Cgp (pF) 11.4386 11.1282 11.3322
Cap (pF) 0.5743 0.975 0.5684
Cgc (pF) 0.5778 0.9302 0.5778
Cap (pF) 11.5842 11.1982 11.3322
Ccp (pF) 11.4386 11.7465 11.4761
Caco (pF) - 17.3115 21.1783
Capo (pF) - 26.2693 31.1869
Capo (pF) - 22.5022 25.7621

Resonat Rectifier

D, ]E(‘H D;]EC:

D, 2

@]
11
1

o

FIGURE 12. A schematic of the 13.56 MHz CPT system.

gl
i

[Directional Coupler]
Balun

high stray capacitance values and losses/discontinuities in the
connections.

The effective coupling capacitances and the stray capac-
itance are the main design factors. While the distances
between the plates and the shields and between the adjacent
plates affect the stray capacitance, the separation distance
between the transmitter and receiver couplers affects the
effective coupling. In practice, the plate D is not connected to
the ground, resulting in a 7 -network model similar to the one
shown in Fig. 12. The figure illustrates the schematic of the
proposed CPT system. An RF generator (Advanced Energy
RFX600A) generates a 13.56 MHz ac power. A Ruthroff
balun is connected to the shield plate to achieve a stable
ground level. An RF Wattmeter (LP-100A Digital Vector) is
used to measure the input ac power to the system, and a Tek-
tronix TPS2014b oscilloscope measures the output voltage.

At a 30 mm separation distance, the design parameters are
listed in Table 2. Based on the theoretical and practical proce-
dure, Fig. 13 illustrates the flow chart to design the proposed
CPT system. The operating frequency is an important factor
in designing a CPT system. The separation distance between
the plates affects the power transfer capability, as well as the
distances between adjacent plates and plates/shields. These
distances determine the coupling parameters of the system.
The series compensation is a simple configuration that is
used to enhance the overall efficiency, reduce the reflected
power, and achieve ZPA operation condition. The inductance
should compensate for both the stray and coupling capaci-
tance. The inductor is split into both transmitter and receiver
sides to eliminate any leakage current flows through stray
capacitances. The compensation inductances can be calcu-
lated as [65]

(20)
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TABLE 2. Design parameters.

Symbol Quantity Value

f Operating frequency 13.56 MHz

d Separation distance 30 mm

Cac Effective coupling capacitance | 11.5 pF

Caco Stray capacitance 20.6 pF

L1 & Lo Compensation inductance 3.6uH

Cr1, Cra, Cr3, Crg Resonant capacitance 63.1 pF

Ly Resonant inductance 1uH

R Load resistance 4002

Dy, D2, D3 & Dy Diode of the rectifier GD30MPS12H

Determine the operating
frequency

'

Determine the distances
between the plates

v

Measure the effective coupling
and stray capacitances
using the two-port approach

Determine and calculate
the compensation inductances

'

Optimize the parameters of the resonant
rectifier and the output resistance
to achieve minimum reflected power

End

FIGURE 13. A flow chart to design a HF CPT system.

where g is the angular resonant frequency. Symmetrical
compensations on each side are used to achieve stabilized
ground voltage.

The resonant rectifier circuit is used to achieve DC output
and minimize reflected power. The components of the reso-
nant rectifiers are optimized using LTspice© for minimum
reflected power [68]. Reflected power is an important factor
to achieve an efficient CPT. Minimizing the reflected power
maximizes the forward transferred power and the overall
system efficiency. According to [68], the proposed system
can achieve minimum reflected power at a 400 2 load resis-
tance, 63.1 pF resonant capacitance connected parallel to the
diodes, and 1pH series-compensated resonant inductance.
The series-compensated resonant inductors of the rectifiers
can be integrated into the series inductors of the CPT system
to reduce the number of components.

Fig. 14 depicts the proposed CPT system under test. The
proposed system transfer 100 W input power at an 87.4% effi-
ciency and 187 V output voltage. The efficiency is calculated
from the measured output voltage and input power V?/«-p,,).
Fig. 15 shows the testing results in which the input voltage is
in phase with the input current resulting in minimum reflected
voltage. Combing the parasitic resistances of the inductors,
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TABLE 3. Comparison between the proposed CPT system and other HF CPT systems in the literature.

Ref. Plates No. Power (W) Efficiency (%) Frequency (MHz) Distance (mm) Size (mm)

[27] 4 590 88.4 6.78 120 122.5 x 122.5

[66] 4 100 83.5 6.78 12 100 x 100

[67] 4 122.9 73.6 16.5 1 100 x 100

[29] 8 50 73 27.12 250 10¢ & 25¢

This work 6 100 87.4 13.56 30 250 x 150 and
250 x 300

Directional Coup]c

FIGURE 14. The CPT system undertest.

the Balun circuit, and the on-resistance of the diodes in the
rectifier increase the matching network losses and hence the
reflected voltage.

Table 3 presents a comparison of this work with other
HF CPT systems in the literature in terms of the number of
plates, transfer power, system efficiency, operating frequency,
transfer distance, and coupler size. The matching network
system proposed in [27] is determined using the optimiza-
tion approach resulting in a higher efficiency system over a
wider separation distance compared to the proposed one. The
system proposed in [66] transfers the same power level as the
proposed system but over a shorter separation distance and
lower efficiency. The paper [29] proposes a three-phase CPT
system which can operate at wide separation distances and a
high operating frequency.

This work proposes a shield CPT system is shielded to
reduce the EMI problem and increase the safety around the
couplers. Although the system transferred 100 W at an effi-
ciency of over 87.4% at 30 mm separation distance, it can
operate at higher power than 100 W. Edgewise coils can be
used to build up the compensation circuits and decrease the
parasitic losses, but it will also increase the cost of the system.

VII. DESIGN LIMITATIONS AND CHALLENGES

This section discusses design challenges, including operating
frequency, voltage stress, stray capacitance and ground stabil-
ity, and overall system efficiency.

A. OPERATING FREQUENCY

The operating frequency of CPT systems, unlike IPT sys-
tems, have not been standardized since these systems are still
under testing in laboratories. Generally, frequencies in the
medium to high-frequency range are adapted for transferring
power ranging from hundreds of watts to a few kilowatts.
Operating at high frequency adds an extra challenge to
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FIGURE 15. The waveform results.

designing and tuning circuits in practice. Besides, if the
intensity of the fields exceeds the limits, they can induce
electric fields in exposed bodies, leading to issues such as
tissue heating or nerve stimulation. The International Com-
mission on Non-Ionizing Radiation Protection (ICNIRP) [69]
specifies the basic restriction for the electric field exposure
from 100kHz to 10 MHz for any region of the human body
by the following

Eing =2.7 x 1O*4f , Occupational 201
Eina = 1.35 x 107*f, General public (22)

where Ejing the induced electric fields (V/m) and f is the oper-
ating frequency (Hz). These restrictions help ensure safety by
limiting the induced electric fields within acceptable levels.
It is important to carefully consider and adhere to these safety
guidelines when designing and operating CPT systems, par-
ticularly when operating at higher frequencies where the risks
associated with induced electric fields are more pronounced.

B. VOLTAGE STRESS

The induced fields are directly related to the voltage stress
across the couplers. Increasing the voltage stress would
require higher safety clearances around the coupling plates
to prevent the induced electric fields from exceeding the
specified limits. The voltage across the plates in a CPT sys-
tem can reach several kilovolts to effectively transfer power
effectively over a few hundreds of mm. As the breakdown
voltage of the air is 3kV/mm, this limits the distances
between the plates to avoid arcing or breakdown faults. In a
non-shielded CPT system, operating with high voltage stress
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not only increase the safety clearness around the system but
also introduces the risk of inducing voltage on the metallic
body of the vehicle or nearby objects through stray capacitors.
This increases the potential for electric shocks if there is any
contact with these objects.

In a shielded CPT system, the shields can contain electric
fields providing a level of protection and decreasing the range
of the safety clearance from the plates. However, it still has
limitations concerning the compactness of the system due to
the high voltage stress. Operating frequency at 13.56 MHz
and a separation distance of 180 mm, the shielded-CPT cou-
pling structure requires about 30 mm gap between the shields
and the couplers to maintain safety and prevent breakdown or
arcing [70]. To mitigate the challenges associated with high
voltage stress, several voltage stress optimization methods
have been proposed in the literature. These methods aim
to reduce the voltage stress across the couplers minimizing
the risks associated with high voltage stress. Some of these
methods can be found in [41], [71], [72], and [73].

C. STRAY CAPACITANCES AND GROUND STABILITY

The electric fields are divergent, terminating between any two
electrodes with potential differences. Because of the poten-
tial difference between the coupling plates and the ground
resulting in stray capacitances, which can be a source of
EMI. Besides, the leakage fields around the plates can couple
with any low electric potential objects, which raises safety
issues. The shielded CPT [24], [46], [53], using a six-plate
structure shown in Fig.5 (d), results in a small field leaking
out to the surroundings, and it decreases the safety range to
about 100 mm away from this plates. However, the coupling
between the shielding plates and the ground through the stray
capacitances results in an unbalanced ground of the CPT. This
unbalanced ground can cause stability issues and affect the
system’s performance. To address this, the Ruthroff transmis-
sion line transformer balun can tackle the unbalanced ground
of the shielded CPT and enhance the stability of ground level
at the shield plate [74].

D. EFFICIENCY
The efficiency of the coupling capacitance is a function of
the coupling parameters. Any change in these parameters
might result in a degradation of the overall efficiency. For
instance, by increasing the separation distance or introducing
any interference of objects between the couplers can directly
degrade the overall system efficiency [75]. Operating in the
HF range is another challenge for the CPT systems. Soft-
switching in both the inverter and rectifier is required to
achieve low losses. Impedance matching circuits are also
required to enhance the overall system efficiency and power
transferability, but they also contribute to some of the overall
losses in the system.

The design and optimization of CPT systems require
careful consideration of various factors, including voltage
stress, safety clearances, compactness, efficiency, and EMI to
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ensure reliable and safe operation. By employing a shielded
CPT system and utilizing techniques such as the transmis-
sion line transformer balun, it is possible to mitigate EMI
issues, reduce field leakage, and enhance the stability of the
system’s ground level. Overall, designing an efficient CPT
system involves careful consideration of coupling parame-
ters, interference mitigation, soft-switching techniques, and
impedance-matching circuits. Balancing these factors is cru-
cial to achieving high efficiency and effective power transfer.

VIil. CONCLUSION

This paper provides an overview and discussion of the the-
oretical and practical considerations in designing a CPT
system. It surveys a number of empirical published works
between 2015 and 2023, highlighting the fundamental oper-
ating principles and theoretical/practical considerations for
designing a CPT system. The coupling parameters are typ-
ically determined through numerical calculations using the
FEM simulations or by measuring the S-parameters using
a VNA. The paper specifically examines the use of one- or
two-port VNA measurement techniques for determining the
coupling admittances. The two-port approach is generally
more accurate than the one-port approach. Based on the
two-port measurement results, the paper presents the design
of a 13.56 MHz CPT system that achieves the transfer of
100 W with an efficiency of 87.4% at a separation distance
of 30 mm. Finally, the paper highlights some design limi-
tations and challenges associated with CPT systems. These
challenges include voltage stress and breakdown issues, stray
capacitors and ground stability, and overall system efficiency.
Further research is needed to address these challenges and
improve the performance of CPT systems.
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