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ABSTRACT This paper studies the capacitive coupling in a capacitive power transfer (CPT) system
designed for charging applications. It proposes mathematical models using the conformal transformation
for calculating air-gapped and underwater capacitance and verifies the proposed models using COMSOL
multiphysics and measurements. The measured results show that we can achieve nano-farad capacitance
ranges if we submerge the capacitor in seawater. The seawater’s capacitance slightly changes when we
increase the gap distance or the operating frequency. As the under seawater CPT system can be an attractive
option for loosely-coupled charging applications, we further examine the system by focusing on the cross-
coupling effects. The results show that the cross-coupling between the plate degrades the system’s power
transfer capability and efficiency. With negligible cross-coupling effects, the system gives 129 W output
power at an efficiency of 81.2%.

INDEX TERMS Wireless power transmission, capacitive power transfer, couplings, energy efficiency,

conformal mapping, network theory.

I. INTRODUCTION

Wireless power transfer (WPT) utilizes electromagnetic
fields to transfer power between a transmitter and a receiver
(couplers) without mechanical contact. It has emerged in
high-power charging applications providing safe and conve-
nient solutions. In such applications, the standard practice
is to use near-field WPT in which the distance between the
couplers is much shorter than the wavelength of the electro-
magnetic fields. Near-field WPT comprises two main groups:
inductive and capacitive power transfer.

Inductive power transfer (IPT) carries the power between
the inductive couplers using magnetic fields. IPT is the most
commonly used technique in high-power charging [1], as it
provides the convenience of automatic charging through three
modes: static, quasi-dynamic, and dynamic [2]. Thus, it has
begun to receive attention for electric cars, buses, and trains
charging applications [3].
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IPT suffers from eddy-current losses in the nearby metal,
causing temperature rise problems [4]. Additionally, it con-
tains expensive and heavy parts. As an alternative, capacitive
power transfer (CPT) provides a cheaper and lighter solution
than IPT using alternating electric fields. In the literature,
many papers have proposed CPT charging on-road electric
vehicles [5], [6], electric ships [7], [8], [9], and autonomous
underwater vehicles [10], [11], [12].

Three performance metrics affect the overall system
performance: the operating frequency of the system, the
voltage across the capacitive couplers, and the coupling
capacitance [7]. Decreasing the transfer distance, increas-
ing the operating frequency, or increasing the voltage
across the capacitors can enhance the power transfer of the
system [12]. While safety regulations limit the operating fre-
quency and voltage, we can improve the capacitance between
the couplers.

The air-gapped capacitance is in the pico-farad (pF) range
which limits the power transfer capability of the CPT sys-
tem [5], [6]. One way to improve the coupling capacitance is
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by decreasing the separation distance between the couplers
or increasing the couplers’ dimensions, but in both ways,
we limit the applications of the CPT systems. Another way
is by increasing the electrical permittivity of the medium
between the couplers.

In electrical vehicle charging applications, researchers
have tried inserting a layer of material with a high dielec-
tric between the couplers instead of air to enhance the cou-
pler’s capacitance. For instance, Sakai et al. [13] proposed
a CPT system through the road surface and the vehicle
wheels utilizing steel belts in tires to overcome the short
field-reachable range. Another approach by Yi [14] used the
vehicle’s windows to trap the electric fields for the coupling.
In contrast, Dai and Ludois [15] transferred power through
a flexible and compressive bumper that molds and contours
itself to the vehicle to minimize the air gap and confine the
field during charging.

Submerging the couplers in fresh- or seawater enhances
the coupling and makes the CPT system more attractive for
charging ships and underwater vehicles. In [9], the study
analyzed the underwater CPT system using the finite element
method (FEM) at a high frequency (HF) range. Similarly,
other studies investigated the capacitive coupling at a short
separation distance (up to 20mm) in freshwater [10] and
seawater [11], [12] at a MHz frequency range. The capacitor’s
behavior at the frequency range below the MHz range has
received less attention.

This paper investigates the admittance of an air-gapped
capacitor and capacitors submerged in fresh- and seawater.
The investigation is carried out over 100kHz to 1 MHz fre-
quency range and 10 mm to 500 mm separation distances.
We analyze the capacitance using a conformal transformation
approach to consider the fringing effect. We propose mathe-
matical models to calculate the capacitance of the air-gapped
and underwater couplers. Moreover, we explain how we can
consider the two-port 7 model as a conformal transformation
in the complex domain. Finally, we investigate the effect of
cross-coupling on the power transferability and efficiency
under seawater CPT systems.

We arrange the rest of the paper as follows: Section II
investigates the fringing effect on the capacitance of the
coupling plates in air and underwater. It also proposes ana-
lytical models based on the conformal transformation anal-
ysis. Section III presents the two-port model and explains
how we can consider this model as a conformal transfor-
mation in the complex domain. In section IV, we verify
the proposed analytical models using numerical analysis and
experimental results. Then, we examine in detail the effect
of the cross-coupling admittance on the under seawater CPT
system’s power transferability and efficiency in section V.
Finally, we conclude in section VI.

Il. FRINGING EFFECT
Using a simplified electrostatic approximation model, we can
approximate capacitance of the plates (coupling plates) as
K€pA

7

ey

0 =
105622

TABLE 1. Capacitance models considering fringing effects.

Model Formula Shape
Simplified Co = % General
Ignatius’s 1932 [18] C = Col[l + 2% In(321)] Disc
Palmer 1937 [17] C = Co[1 + oL In(2ZL)]2 Square
Cooke 1958 [18] C = Col+ 2% In(Z<R)) Disc
Huston 1963 [18] C = Col+ 24 In(82E8)] Disc
Nishiyama 1994 [19] | C = Cp(1 + 2.343b0-992) Square

where « is the dielectric constant, €y (C/V - m) is the permit-
tivity of the free space, A (m?) is the area of the plates, and
d (m) is the distance between the plates.

In this model, assumptions are a uniform charge density
distribution on the plates and negligible fringing fields at the
edges. However, these assumptions are only valid when the
aspect ratio (b), given by

electrode distance )

~ electrode width @

is very close to zero [16]. The assumptions fail when the

charge density at the edges of the plates is more extensive than

at the center. The electric fields near the edges of the plates are

weaker than between them due to the fringing effect, which

is the bending of electric field lines near the edges. Thus,

the total capacitance of the plates increases because of the
non-uniform distribution of fields near the edges.

A. THE FRINGING EFFECT IN AIR

Although we might know the total charge on the plates, it is
not easy to calculate the total charge density because of the
non-uniform distribution of charges. We can attribute the
non-uniformity to the induced charge densities on nearby
conductors or polarization of dielectric material. Conformal
transformation and the finite element method (FEM) are two
approaches that can deal with the boundary problem. While
the FEM approach might require expensive software to cal-
culate the capacitance numerically, the conformal transfor-
mation can be a cheaper alternative.

Palmer [17] derived an analytical model using the con-
formal transformation approach for square-shaped plates.
Sloggett et al. [18] also used the conformal transformation
approach to study the fringing capacitance for a disc-shaped
capacitor. In contrast, Nishiyama and Nakamura [19] pro-
posed a numerical model using the boundary element method
to derive the capacitance of square and rectangular plates.
Table 1 lists some of the proposed models for both square-
and disc-shaped plates.

We can apply the disc plates’ models for square ones by
assuming that the area of the disc electrode equals the area of
the squared one.

A=L*=nR%, A3)
where L is the length of the edges of the square electrode and

R is the radius of the disc.
VOLUME 10, 2022
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FIGURE 1. lllustration of the Schwartz-Christoffel transformation for the
plates.

The conformal transformation approach uses complex
conjugate functions to solve two-dimensional problems.
According to [20], the theorem of Schwartz-Christoffel is a
conformal mapping technique that transforms any polygon
bounded by straight lines in the z-plane, where z = x+jy, into
the real axis @ of a new y-plane, where y = o + jB8. We can
express the Schwartz-Christoffel transformation as [20]

dz - ai/mr—1

5, =k E(y v @)
where a; are the internal angles of the polygon in the z-plane,
k is a constant and y; are points on the real axis in y-plane
that correspond to the angular points of the polygon in the
z-plane. The ay, az, ..., a, in (4) are given values, while we
can arbitrarily assume the constants y1, y2, ..., V.

The value of dz/dy (|dz/dy|) in (4) is either infinite or
zero at the angles of the polygon. In contrast, |dz/dy | cannot
vanish or become infinite for the area bounded by the real
axis («-axis) and infinite semi-circle in the y-plane. This
area corresponds to the area bounded by the polygon in the
z-plane. If the boundaries of the plates are considered the side
of the polygon, then (4) transfer these lines into the real axis
in the y-plane.

Let ¢ be the potential function and ¥ be the electric field
function, where w = ¢+ji/, are conjugate functions that each
solve Laplace’s equation (V2¢ = 0). A point in the boundary
of the plate in z-plane corresponds to a point on the real axis
in the y-plane, and a line constant potential in the w-plane.

Fig. 1 illustrates the successive Schwartz-Christoffel trans-
formation of the plates in three planes: z-plane, y-plane,
and w-plane. The upper electrode (CD) is assumed to be a
semi-infinite plane with a potential function (¢ = V) in
parallel to the electrode (AB) in an infinite plane with a
potential function (¢ = 0). The sides of the plates describe
the polygon (ABCD) as a dashed line in the direction of the
arrows. The surfaces of the plates are straight lines stretching
from x = —oo on the AB electrode to x = oo on the
CD electrode in the z-plane.
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In the z-plane, if a point travels over a straight line parallel
to the y-axis, then the point moves around a semi-circle in the
y-plane, as (4) implies. Thus, the polygon consists of the two
arc lines at the plates’ edges. In the y-plane, we arbitrarily
select the values of y to be y = —1 corresponding to the
corner at B and y = 0 corresponding to the corner at C.
The internal angles of the polygon are zero at B and 27 at C.
By substituting the values of y and the corresponding angles
in (4), it gives

dz 14

— =k—, 5
dy ~ 'y +1 ®
where k1 is a constant. When the polygon passes through
y = —1, then the value of y increases kjw and hence

y =d = kjm, where d is the separation distance.

The w-plane only consists two lines, V and zero, as shown
in Fig. 1. The internal angle at y = —1 is zero. Thus, the
transformation of w-plane to a real axis in the y-plane can be
expressed as

do L 1 ©)
dy ~ Cy+1
where k; is a constant.
When the polygon passes through y = —1, then the value

of y decreases kpm, thatis,y = V = —kym. Solving (5)
and (6) give
d ;
z=;[1+y—ln(1+7/)+ﬂr] (7a)
Vv
w = - [In(1 + y) —jm] (7b)
From (7a), the real part of the z-plane can be written as
d
x:;[1+y—ln(1+y)] ®)
The surface charge density o can be expressed as
1d 1d
pop WV _ 149 ©9)
47 dy 4w dx

Now, we can calculate the surface charge density for the upper
surface and the lower surface of the CD plate. Starting with
the lower surface, as the values of y ranges from —1 to zero,
then we can simplify y from (8) as

X

v="7 (10

From (7b), (9), and (10), we can express the charge density
of the lower surface from zero to y, in the y-plane, as

1 \%
/ oda = 1 [$(7) ~ p(O)] = — 7 [In(l + )]
T 4

72

v 1+y) v + d (11
N — = — | X — 1,
472 4 4rrd T

where da is an element of the section of the conductor.

The charge density on the lower part of the electrode equals
the uniform charge distribution on an infinite electrode that its
width increases by a factor (d /7).
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For the upper surface, as the values of y ranges from zero
to infinity, then we can simplify y from (8) as

(55 +ma+ 0] (12)
= | — n e
A d
Similarly from (7b), (9), and(12), the surface charge den-

sity of the upper surface of the electrode is
Vv X X
. {m[l + +1n(1 n —)]} (13)
472

1 Vv
i [¢(0) — d(¥)] = 12 (In(1 + )]

%

fada
d d

The total charge surface density is the algebraic summation
of the charge density on the upper and the lower surfaces.
If the width of the plate is not semi-infinite, that is x = L,
then the capacitance because of the fringing can be expressed

as
AL UL Y L
d a7 % d

(14)

=20
Ul R

We can physically interpret the fringing capacitance as a
capacitor that is connected in parallel with the capacitor of
a uniform charge distribution on the plates, which is given
in (1). Thus, we express the total capacitive of the air-gapped
coupler as:

60L2

€0 L L 1 L

— {1l +—4In|l+ —+—In{1+ —

+4n{+d+n|:+d+nn<+d>]}
(15)

B. THE FRINGING EFFECT IN WATER
Taking the electrical properties of water into consideration,
we can write (6) as

do 1

a5 , 16
dy 2y+a (16)

where the factor a represents the conductivity effect of water
and we can assume it to be @ = 7%/x. From Fig. 1, if we
neglect the surface charge density of the upper surface of the
plates, due to the higher concentration of charges between the
coupling plates in comparison with upper surfaces. Then we
can express the charge density of the plates equals the charge
on the lower surface as

/ da~ (x4 74 17)
ocda~ —— | x _—
dmd X

The charge density equals the uniform charge distribution
on an infinite plate whose width increases by a factor (wd /L).
Similar to (15), we can approximate the total capacitance in
water as:

kegl? K€Q wd
C~ — L+ — 18
d + 4rd ( + L ) (18)
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FIGURE 2. Model of the plate coupling: (a) The coupling between the four
plates structures. (b) The circuit model of coupling admittance between
the plates. (c) The = model.

Ill. TWO-PORT MODEL

The coupling between plates depends on the dimension of the
plates and the medium’s characteristics between the plates,
as shown in (15) and (18). In the case of the air-gapped
CPT system, we can neglect the air’s conductivity and use
the capacitors as circuit elements to represent the coupling
between the plates. While in the case of an underwater CPT
system, we cannot neglect the water’s conductivity due to the
presence of the dissolved ions in the water; hence, we repre-
sent the conductivity of the water by the conductance. As a
general case, we can principally use the admittance to model
the coupling between the plates in a CPT as

Y =G+ B, (19)

where G is the conductance of the medium and B is the
susceptance between the plates.

Fig. 2(a) shows four plates (A, B, C, and D) which are a
simple CPT structure where the plates (B and D) generate

VOLUME 10, 2022



H. Mahdi et al.: Conformal Transformation Analysis of Capacitive Wireless Charging

IEEE Access

a return path for the resonant current. The admittance Yac
and Ypp are the mutual coupling between the plates. While
the admittance Yap and Ypc are the cross-coupling between
the plates. Finally, the admittance Yap and Ycp are the
self-coupling between the plates, as illustrated in Fig. 2(b).
The mutual and cross coupling form a general lattice
network which is unstable due to the inevitable interaction
between the elements of the network. We can simplify in to a
mr-network whose elements are [21]
Yy = (Yac + Yap) - (YBc + YBD) 20)
(Yac + Yap) + (Ysc + YaD)
Yog = (Yac + YBc) - (Yap + YBe) 21
(Yac + Ysc) + (Yap + YBe)
Yiy = YaB - Ycp — Yap - Yae 22)
Yac + Yap + YBc + YBD
As Yap and Y¢q are in parallel with Yap and Ycp, we can

express them in

Yi = YA + Yo (23)
Y = Ycp + Yed 24

Using (20) to (24), we can illustrate the m-network model,
as in Fig. 2(c). Based on [21], we can consider the two-
port -network model as a conformal transformation in the
complex domain. In other words, if we consider the load
admittance as a point on the complex domain Y1 -plane, the
input admittance is a point on the complex domain Yj,-plane,
then the two-port model maps the output plane onto the input
plane or vice versa without changing the angles.

Fig. 3 illustrates the connection of the two-port network
to a source and a load and the mapping between the input
and the output complex planes. The input admittance (Yi,)
is a conformal transformation of the load admittance to the
input complex plane. In contrast, the two-port model maps
the source admittance (Y;) and the current source (I) to the
output complex plane, as the output admittance (Yo) and the
output current source (loy;).

Thus, we can express the mapping as

Yh
Yin=Y — ——, 25
i 1 Y2+YL ( )
Yh
YN—Yout—YZ_Y1+Y (26)
S
. Yo .
IN = i 27
N Y1+YS S ( )
Y2
Yip = V) — —12—, (28)
o+ YL

IV. EXPERIMENTAL VERIFICATION

In the first step, we made a capacitor for verifying the fringing
effect using two 150 x 150 mm aluminum plates insulated by
covering them with a plastic lamination pouch. Using an Agi-
lent 4285A LCR meter in the four-terminal pair measurement
configuration, we measured the air-gapped admittance at a
distance ranging from 10 mm to 500 mm. In the second step,

VOLUME 10, 2022

Transmitter Receiver
I s |u2<— YL
|
Yout
Transmitter Receiver
. -
v Rl
+ 17 12) +
I Ys u; Yin Lout Youtuz YL

(b)

FIGURE 3. Model of source and a load connected to the pi-network:
(a) pi-network connected to source and load. (b) The conformal
transformation of admittance between transmitter and receiver sides [8].
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FIGURE 4. Comparison between the models listed in Table 1 and the
measured capacitance as a function of separation distance in air.

we compared the measurements with the proposed analytical
model, the models in Table 1, and the numerical model based
on FEM using COMSOL Multiphysics. We used tap water
as freshwater and collected seawater from the local harbor.
In the last step, we tested a series compensated CPT system in
seawater to examine the cross-coupling effect on the system’s
power transferability and efficiency.

A. AIR-GAPPED CAPACITANCE

Fig. 4 shows a comparison between the models in Table 1,
the FEM model, and the measured air-gapped capacitance
at 100 kHz. The results, with an experimentally determined
error that does not exceed 2pF, show that the simplified
model fails to predict the measurements. Fig. 5 explains the
reason for the difference between the measured values and the
ones based on the simplified model. It shows the electric field
norm contours where the electric field is about 10 V/m at the
edges of the plates. The fringing effect cannot be neglected for
the air-gapped or submerged capacitor even when the aspect
ratio (b) is small.

The FEM models for squared- and disc electrodes give
approximately the same results, which shows that the approx-
imation in (3) is valid. The maximum difference between
the FEM-square and FEM-disc is 10 pF at 10 mm separation
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FIGURE 5. Fringing effect with aspect ratio b = 0.067: (a) Air-gapped
capacitor. (b) Underwater capacitor.
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distance, which we can attribute to the fields irregularities
near the edges of the squared plate. The FEM models predict
the measured values more accurately than the other models
over the distance range. In contrast, the other models such
as Palmer 1927, Ignatowsky 1932, Cooke 1958, and Hus-
ton 1963 can predict the measured values when the gap is
in the range of 50 mm to 200 mm. These models can predict
the measured capacitance more accurately when the aspect
ratio b is tiny.

Fig. 6 illustrates the proposed analytical approach (confor-
mal transformation model), the numerical approach (FEM),
and the measured capacitance for the air-gapped capacitor.
Using (15) the conformal transformation model predicts the
measured capacitance better than the FEM analysis. The
highest achieved capacitance is 37.9 pF at 10 mm distance,
and it reduces exponentially with the increase of the gap to
reach 3.4 pF at 500 mm. The percent error of the conformal
transformation model is lower than that for FEM, as shown in
Fig 7. The error for both models increases as the aspect ratio b
approaches zero. The analytical approach must consider elec-
trode thickness to reduce errors for small aspect ratios.

B. WATER CAPACITANCE

Like the air-gapped capacitor, we investigated the proposed
analytical model, the numerical model, and the measured

105626
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FIGURE 6. Comparison between the analytical approach, the numerical
approach, and the measured capacitance of separation distance in air.
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FIGURE 7. Percent error of the analytical and numerical approaches for
the air-gapped capacitor.
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FIGURE 8. Comparison between the analytical approach, the numerical
approach, and the measured capacitance of separation distance in water
with « = 82.

capacitance for the seawater capacitor. Fig 8 shows that
using (18) the conformal transformation has a better pre-
diction of the measured capacitance than the FEM analysis.
However, both models fail to predict the measured values
when the separation distance is 100 mm or lower. We can
attribute this difference between the models and measured
values at a short separation distance to the air bubbles that
got trapped in the plastic lamination pouch.

The percent error of the conformal transformation model is
lower than FEM for the submerged capacitor in seawater with
82 dielectric constant, as shown in Fig. 9. The plots show that
the analytical approach predicts the capacitance in seawater
more accurately than the FEM approach. The differences
between the measured, the analytical, and the numerical val-
ues could be explained by different water characteristics, such
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FIGURE 9. Percent error of the analytical and numerical approaches for
the submerged capacitor.
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FIGURE 10. Measured capacitance of air-gapped electrodes (dotted line),
in freshwater electrodes (solid line), and in seawater electrodes (dashed
line).

as temperature and salinity. Both the analytical and numerical
approaches can give a good approximation to the design of a
CPT system.

V. UNDERWATER CAPACITIVE CHARGING

The air-gapped capacitance range is much lower than those of
the submerged in water, as shown in Fig.10. At 100 mm, the
air-gapped capacitance decreases by only 0.1 pF when the fre-
quency increases from 100 kHz to 1 MHz. The increase in the
transfer distance has more effect on the capacitance. In con-
trast, the underwater capacitance can reach the nF range,
which is about a thousand times higher than that of an air-
gapped one. This high difference attributes to the presence of
the water dipoles and the ions.

At 100mm, the freshwater capacitance is about 819 pF
at 100kHz and decreases to 250 pF at 1 MHz. At the same
separation distance, the under seawater capacitance is 1.3 nF
at 1 MHz and increase to 1.6 nF at 1 MHz. The capacitance in
freshwater is monotonically decreasing when the gap distance
and frequency increase. In contrast, the capacitance in sea-
water slightly increases with increasing the frequency, and it
does not significantly change with changing the transfer dis-
tance. We can attribute these differences between fresh- and
seawater capacitance to the higher percentage of dissolved
ions in the seawater than in freshwater.

The conductance of the air-gapped coupling is almost neg-
ligible compared to underwater coupling, as shown in Fig. 11.
It is in the S range and does not change with frequency
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FIGURE 11. Measured conductance of air-gapped electrodes (dotted
line), in freshwater (solid line), and in seawater electrodes (dashed line).

Inverter Rectifier

D1

Underwater Couplers

FIGURE 12. Converter topology.

or distance, which we can attribute to the insulation charac-
teristic of the air. Fig. 11 also shows that the conductance
of the freshwater is about a hundred times lower than the
one under seawater. Both the conductivity of the fresh- and
seawater decrease with the separation distance and rise with
the increase of the frequency.

From the above results, we continue testing the power
transfer capability of the CPT system in seawater. Fig. 12
illustrates the converter topology we used to test underwater
CPT. We used a four-plates structure by submerging four
aluminum plates in the seawater. In addition, we utilized a
GaN bridge inverter (Infineon EVALIEDFG1HBGAN) and
four Schottky diodes (C6D04065A) to build the rectifier
bridge. The series L-compensation was chosen as a simple
design that can provide electromagnetic interference (EMI)
suppression. We set the switching frequency slightly higher
than the resonant frequency to operate in the inductive mode
and achieve soft-switching.

Using a single inductor in series at both transmitter and
receiver sides, we can operate the CPT system in constant-
current (CC) or constant-voltage (CV) modes through fre-
quency splitting. It was chosen to operated the system in
CC mode to achieve a zero-phase angle, aiming to can-
cel transferring reactive power, which is hard to achieve in
CV mode. Table 2 lists the design parameters used in the
experiment.

In a previous work [8], we showed that both the power
transfer capability and the system’s efficiency are a func-
tion of the admittance Y7,. Increasing the mutual capacitive
coupling can enhance the power transfer capability and the
system’s efficiency. However, we notice from (20) that the
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TABLE 2. Design parameters. 200y, 7 200W/ 3 2004/ 4 200%/ 1no0e  500.0% Stop
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FIGURE 14. With the cross coupling effect: the output voltage of the
inverter (yellow), the current on the transmitter side iy (blue) the current
on the receiver side iy (red), and the voltage across the couplers A and C
(green).
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FIGURE 13. Experimental setups: (a) With the cross coupling effect.
(b) Without the cross coupling.

cross-coupling, Yap and Ypc, has a negative impact on the
admittance Y7, and hence the system’s power transfer capa-
bility and the efficiency. To examine the influence of the
cross-coupling, we submerged the four plates in a common
container, as shown in Fig. 13(a). While neglecting the effect
of the cross-coupling, we submerged the plates (A and C)
and (B and D) in two different containers, as depicted in
Fig. 13(b). In practice, we can increase the distance between
plates A and B and C and D to eliminate the cross-coupling
effect.

Firstly, when we submerged the plates in the same con-
tainer, we achieved 14.7 W the output power with 41.9 %
efficiency. Fig. 14 shows the currents on both the transmitter
and the receiver sides and the voltage across the couplers A
and C. The phase shifts between the currents and voltage indi-
cate a high reactive power circulating in the system, which
explains the system’s low power and efficiency. The figure
also shows that the switches Q1 and Q4 switched on when the
transmitter side’s current is negative, thus achieving a zero
voltage switching (ZVS) condition. In addition, the results
show that the current on the receiver side suffers from high
harmonic contents, as shown in impure sinusoidal sine wave,
which may result in EMI problems.
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FIGURE 15. Without the cross coupling effect: the output voltage of the
inverter (yellow), the current on the transmitter side iy (blue) the current
on the receiver side iy (red), and the voltage across the couplers A and C
(green).

Secondly, we separated plates A and C from plates B
and D to neglect the cross-coupling effect. Under the same
design parameters, we achieved an output power of 129.2 W
with about 81.2 % efficiency. Fig. 15 shows the currents and
the voltages with a neglected cross-coupling case study. The
phase shift between the current and voltage is small, which
explains the system’s high output power and good efficiency.
Moreover, the result shows that the inverter achieved zero cur-
rent switchings (ZCS), as the switching frequency is close to
the CC mode frequency. As with the fringing, the harmonics
problem increases in the current on the receiver side.

Fig. 16 shows the breakdown losses of the system with
and without the effect of the cross-coupling. More than 90%
of the losses are in the underwater capacitive coupling for
both cases. We can attribute the losses to the water conduc-
tivity. The cross-coupling also increases the losses under-
water resulting in low efficiency and less transfer power.
Table 3 lists a comparison of this work with other underwater
CPT systems in the literature in terms of compensation cir-
cuit, transfer power, system efficiency, operating frequency,
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TABLE 3. Comparison between underwater CPT systems.

Ref. Compensation Power (W) Efficiency (%) Frequency (MHz) distance (mm) size (mm)
[9] LC 226.9 60.2 1 500 200 x 200 x 1
[11] LC 400 90 107.7 20 150 x 205 x 1.6
[12] LCLC 100 80.2 0.625 150 500 x 500 x 3
This work L 129 81.2 1.1 300 150 x 150 x 3
W Without cross coupling [2] A. Ahmad, M. S. Alam, and R. Chabaan, “A comprehensive review of
Capacitive wireless charging technologies for electric vehicles,” IEEE Trans. Trans-
T LR Inverter Rectifier coupling port. Electrific., vol. 4, no. 1, pp. 3863, Mar. 2018. [Online]. Available:
100 https://ieeexplore.ieee.org/document/8101562/
[3] G. A.CovicandJ. T. Boys, “Modern trends in inductive power transfer for
10 transportation applications,” IEEE J. Emerg. Sel. Topics Power Electron.,
vol. 1, no. 1, pp. 28—41, Mar. 2013.
1 ] o [4] F. Lu, H. Zhang, and C. Mi, “A review on the recent development of
[ | [ capacitive wireless power transfer technology,” Energies, vol. 10, no. 11,
p. 1752, Nov. 2017.
01 [5] H. Zhang, F. Lu, H. Hofmann, W. Liu, and C. C. Mi, “A four-plate
compact capacitive coupler design and LCL-compensated topology for
0.01 capacitive power transfer in electric vehicle charging application,” IEEE
Trans. Power Electron., vol. 31, no. 12, pp. 8541-8551, Dec. 2016.
0.001 [6] F.Lu, H.Zhang, and C. Mi, “A two-plate capacitive wireless power transfer
o B system for electric vehicle charging applications,” IEEE Trans. Power
FI(:II;JI:: 16. Power II(_)ss b;feal;down. without the cross coupling effect and Electron., vol. 33, no. 2, pp. 964-969, Feb. 2018.
wi € Cross coupiing etiect. [7] H.Mahdi, B. Hoff, and T. Ostrem, ‘“Evaluation of capacitive power transfer
for small vessels charging applications,” in Proc. IEEE 29th Int. Symp. Ind.
. . . Electron. (ISIE), Jun. 2020, pp. 1605-1610.
transfer distance, and coupler size. In this work, the underwa- [8] H. Mahdi, B. Hoff, and T. @strem, “Optimal solutions for underwater
ter CPT system is smaller in size and simpler in compensation capacitive power transfer,” Sensors, vol. 21, no. 24, p. 8233, Dec. 2021.
than the others and can achieve an efficiency of over 80% (91 H. Zhang and F. Lu, “Feasibility study of the high-power underwater
. . . capacitive wireless power transfer for the electric ship charging applica-
at 300 mm separation distance if we solve the problem of tion.” in Proc. IEEE Electric Ship Technol. Symp. (ESTS), Aug. 2019,
cross-coupling. pp. 231-235.
[10] M. Tamura, Y. Naka, K. Murai, and T. Nakata, “Design of a capacitive
wireless power transfer system for operation in fresh water,” IEEE Trans.
VI. CONCLUSION Microw. Theory Techn., vol. 66, no. 12, pp. 58735884, Dec. 2018.
This paper investigated the fringing effect on the capacitance [11] M. Tamura, K. Murai, and M. Matsumoto, “‘Design of conductive coupler
. for underwater wireless power and data transfer,” IEEE Trans. Microw.
of both an air-gapped CPT sys.tem and an underwater CPT Theory Techn.. vol. 69, no. 1. pp. 1161-1175. Jan, 2021,
system. It proposes mathematical models to calculate the [12] L. Yang, M. Ju, and B. Zhang, “Bidirectional undersea capacitive wire-
air-gapped and underwater capacitance using the conformal less power transfer system,” IEEE Access, vol. 7, pp. 121046-121054,
. s . 2019.
Fransformatlon and ver{fled the models using FEM models [13] N. Sakai, D. Itokazu, Y. Suzuki. S. Sakihara, and T. Ohira, “One-
in COMSOL and experimentally measured values. The pro- kilowatt capacitive power transfer via wheels of a compact electric vehi-
posed models showed improvements over previously pro- cle,” in Proc. IEEE Wireless Power Transf. Conf. (WPTC), May 2016,
. pp. 16-18.
posed FEM and othgr analytlc.al app.roaches. The paper also [14] K.Yi, “Capacitive coupling wireless power transfer with quasi-LLC reso-
modeled the capacitive coupling using the two-port model nant converter using electric vehicles’ Windows,” Electronics, vol. 9, no. 4,
and analyzed it as a conformal mapping transformation in the p. 676, Apr. 2020. -
complex domain. The experimental measurements demon- [15] J. Dai and D. C. I‘,ud01s., Capac1.tlve”power transfer through a c_onformal
R N i bumper for electric vehicle charging,” IEEE J. Emerg. Sel. Topics Power
strated that we can improve the coupling by submerging the Electron., vol. 4, no. 3, pp. 1015-1025, Sep. 2016.
coupling plates in seawater. The results also showed that [16] H. Zhang, F. Lu, H. Hofmann, W. Liu, and C. C. Mi, “Six-plate capac-
. . . itive coupler to reduce electric field emission in large air-gap capacitive
Changes .H.l the gap distance and the operatlng frequency do power transfer,” IEEE Trans. Power Electron., vol. 33, no. 1, pp. 665-675,
not significantly affect the underwater coupling. Thus, the Jan. 2018.
paper further examined the effect of cross-coupling on the (17] H. B. Palmer, “The capacitance of a parallel-plate capacitor by
s :1: . the Schwartz-Christoffel transformation,” Trans. Amer. Inst. Elect.
underwater. system’s power transfera’lblhty and efficiency aI.ld Eng., vol. 56, no. 3, pp.363-366, Mar. 1937. [Online]. Available:
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ity and efficiency. A system without cross-coupling effects [18] G.J. Sloggett, N. G. Barton, and S. J. Spencer, “Fringing fields in disc
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