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Abstract— This paper studies the maximum available power of
a dissipative capacitive power transfer (CPT) system submerged
in seawater. The CPT system’s maximum power capability is
driven using the network theory, precisely the conjugate-image
approach. The equations of the maximum available load power
and the system’s corresponding efficiency are expressed as a
function of the capacitive coupling parameters. The experimental
results demonstrate that the maximum available power and the
corresponding efficiency decreases by a maximum of 10%, which
occurs at 1.4 MHz, when the plates’ separation distance change
from 100 mm to 300 mm. Besides, the system has higher power
transfer capability and higher efficiency at a low-frequency
range than a high one. The maximum available load power
decreases by about 22.5% when increasing the frequency from
300 kHz to 1.4 MHz. Thus, the CPT system can provide a good
solution to charge electric ships and underwater vehicles over a
wide separation distance and low-frequency range.

Index Terms—Wireless power transmission,
Impedance matching, and Network theory.
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I. INTRODUCTION

A capacitive power transfer (CPT) system transfers power
across coupling plates based on the alternating electric field
principle. The CPT system is an attractive wireless power
transfer option because it has a simple structure, low cost
and weight, low electromagnetic interference (EMI), low
ability to penetrate through metals, and good misalignment
performance [1], [2]. Due to these intrinsic features, CPT
has been proposed for electric vehicles [3], [4], underwater
vehicles [5]-[7], and ships charging applications [8], [9].

One way to model the capacitive coupling plates (couplers)
is an equivalent ™ model [4], [10]. Based on this model, the
maximum available efficiency of a CPT system is investigated
using the coupling coefficient (k), the quality factor (()), and
their extended product (k@) [11]. The investigation is later
extended to include three possible solutions, namely, (1) the
one that maximizes the efficiency, (2) one that maximizes the
transferred power, and (3) one that realizes power matching
[12], [13].

The previous solutions are analyzed for a nondissipative
CPT system, in which a direct coupling with a lossless di-
electric is considered. However, if a CPT system is submerged
in seawater to enhance the coupling capacitance of the plates,
then the seawater’s dielectric losses cannot be neglected. The
high percentage of the dissolved ions increase the electric

conductivity and the losses of the water. Thus, the analysis
for a dissipative system is needed.

The maximum available CPT system’s efficiency has been
previously considered for a dissipative system in [14]. The
study uses the conjugate-impedance approach to drive the
maximum efficiency for the CPT system submerged in seawa-
ter. Similarly, this paper addresses the conjugate-impedance
analysis to achieve the maximum available power solution for
a dissipative CPT system.

The maximum available load power and overall system
efficiency are expressed using the coupling parameters. The
paper experimentally utilised the derived equations over a 100
to 300 mm separation distance, and in 300kHz to 1.5 MHz
operating frequency. The rest of the paper is organized as
follows: Section II provides the theoretical analysis. Section
III presents the experimental results and discussion. The
conclusion is drawn in section IV.

II. THEORETICAL ANALYSIS

A CPT system can be modelled using both the = model and
its equivalent linear two-port network, as shown in Fig. 1. The
two-port network representation is considered to make a gen-
eral formulation for the CPT scheme. In this representation,
the couplers are considered as a black box from which only
the voltages (u1, u2) and the currents (41, 42) can be measured.
The voltage-to-current relation can be expressed through an
admittance matrix:
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where Y7 and Y77 are the self-admittance coefficients, and Yy

is the mutual admittance coefficient, which can be expressed
as:
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Yi = (G1 + GM) +j (B1 + BM)
YM =Gu+jBum , 2
Yi = (G2+ Gum)+j (B2 + By)
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where (G) is the conductance, (B = wC) is the susceptance
parts of the admittance, and w is the angular frequency. The
admittance matrix Y can be calculated from the scattering
matrix S:
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Fig. 1. Network representation of CPT: (a) A 7w model. (b) A linear two-port
network.
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where YV = [f{}M _}}I/IM], S = [g; g;ﬂ, and Z, is the

reference admittance which has a real positive value and is
practically chosen to be 50 ().

Fig. 2(a) shows the connection of the two-port network to
transmitter and receiver external circuits. The input admit-
tance Yj,, as seen by the transmitter side, is expressed as:
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where Y1, = G + jBy is the load admittance. The source
circuit (i and Ys = Gg + jBg) is replaced by its Norton
equivalent at the receiver side, as illustrated in Fig. 2(b). The
Norton equivalent can be expressed as:
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The input admittance can be considered as the conjugate of
the source admittance (Y;, = Yg') and the output admittance
is the conjugate of the load admittance (Y,,; = Y7"), based
on the conjugate-image theorem [15]. If the network is
nondissipative, then (4) and (5) are identical. However, for a
dissipative network, (4) and (5) can be solved for Yg and Y7..
The following two expressions can be introduced to clearing
the fraction term in both (4) and (5):
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The expressions ¢ and g are defined in [15] as intermediate
variables, but their physical meanings are not given. The
source and load admittance can be rewritten as:

Ys = Gi (0g + jfs) — jBr (8a)
YL = Gn (fc +j0B) — jBn (8b)

While the mutual admittance term can be expressed as:
Vi =GiGu(l—0c+is)(1+0c+is) (9

From (9), the two expressions (fg and ) can be redefined.
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Fig. 2. A general representation of CPT system: (a) Two-port network
connected to source and load. (b) The transmitter and receiver equivalent
circuits.

The input (FP;,) and output power (Fr,) can be expressed as:
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where Re() is the real part of the complex expression. The

maximum available power by the source is achieved when
Yin =Yg, and it can be calculated as:
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Defining the following two parameters for the convenience of
mathematical symbols:
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1) represents the ratio between the coupling and the self-
conductance. X is an equivalent to the quality factor. Similarly,
the maximum available power derived to the load by Norton-
equivalent circuit is achieved when Yy = Y7*. The maximum
available load power can be calculated from (12) and (14) as
follows.
V2 +

(1+06c)* + 03

For a nondissipative network and lossless source, that is ¥ =
0 and G5 = O respectively, the maximum available power
becomes:

PL,max = Ps,max (15)
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Fig. 3. The theoretical maximum available power calculated from (15).
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Fig. 4. The theoretical available efficiency at maximum power transfer
calculated from (17).

which is the same equation that reported in [12]. From (11)
(12), the available efficiency at maximum power transfer of
CPT system is given as:
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For a nondissipative network and lossless source, the effi-
ciency becomes:

n= a7
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From (15) and as illustrated in Fig. 3, when x and ¢ in-
creases, the maximum available load power increases to reach
the Ps max. Likewise, from (17) when x and % increases,
the maximum efficiency of the CPT system reaches 50%,
as shown in Fig 4. For a nondissipative CPT system and
from (16) and (18), as asymptotically xy — oo provides
Pr maz = Ps maz and n — 50%, respectively.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Two pairs of square-shaped electrodes of 6082 aluminium
sheets covered with a plastic lamination pouch for isolation
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Fig. 5. The measurement setups
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Fig. 6. The measured 12 versus frequency
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Fig. 7. The measured x2 versus frequency

were used to realize the couplers. A PicoVNA Vector Network
Analyzers is used in the measurements, as illustrated in Fig. 5.
The measurement is carried out over a distance (d) from
100 mm to 300 mm and a frequency range from 300 kHz to
1.5 MHz in seawater that is collected from the local harbour.

The two coefficients 1) and x? are measured using (14).
Fig. 6 shows that the 12 cannot be neglected over the fre-
quency range. Thus, if the nondissipative analysis is used, then
imprecise results are achieved. The increase of 12 the increase
of the ions’ mobility in the seawater. When the frequency
of the electric fields increases, the coupling conductivity and
hence 12 also increases.

Fig. 7 shows that x? monotonically decreases with the
increase of frequency. This coefficient is asymptotically ap-
proaching zero around 1.5 MHz, which is the self-resonant
frequency of the couplers (at which Cy — 0 and x? — 0).
The maximum rates of change of ¢? and x? are 42% at
736.5kHz and 24% at 736.5kHz, respectively, when the
separation distance is increased from 100 mm to 300 mm.

According to (15) and (17), the CPT system is expected to
give higher power transfer capability and better efficiency at
lower frequency ranges than at higher ones. Fig. 8 depicts the
maximum load power, which is plotted using the measured
values of 2 and x? and into (15) and (16). The results
show that at low frequencies, more power can be transferred
than at higher ones. For example, the maximum power that
can be transferred to the load at 100 mm separation distance
decreases from about 86% of the maximum source power at
300kHz to about 57% at 1.5 MHz.

The results also demonstrate that the change of the separa-
tion distance has almost a negligible effect on the maximum
power transfer capability. The maximum available power
decreases by a maximum of 10% at 1.4 MHz when the
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Fig. 8. The normalized power for lossy (15) and lossless (16) CPT system
versus frequency.
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Fig. 9. The efficiency for lossy (17) and lossless (18) CPT system versus
frequency at maximum power transfer.

plates’ separation distance change from 100 mm to 300
mm. Moreover, the analysis for a nondissipative system
gives overestimated results compared to the analysis for
the dissipative one, except when approaching 1.5 MHz. The
maximum available load power decreases by about 22.5%
when increasing the frequency from 300 kHz to 1.4 MHz.

The available efficiency of the CPT system, from (17) and
(18), is also investigated over the frequency and distance
ranges at maximum power transfer. Fig 9 illustrates that the
nondissipative analysis gives overestimated values compared
to the dissipated analysis. Similar to maximum available
power, the separation distance has a negligible effect on the
efficiency. Besides, the system has higher efficiencies at a low-
frequency range than at a higher one. At 100 mm distance, for
instance, the CPT system’s efficiency decreases from about
43% at 300 kHz to about 28% at 1.5 MHz.

IV. CONCLUSION

This paper investigates a dissipative capacitive power trans-
fer (CPT) system submerged in seawater using the conjugate-
image approach to drive the maximum available power.
The maximum available load power and the corresponding
efficiency have been expressed as functions of capacitive
coupling parameters. The experimental results show that the
maximum available power and the corresponding efficiency
of the system decrease maximum by 10% when the plates’
separation distance change from 100 mm to 300 mm.

The system has higher power transfer capability and effi-
ciency at low frequencies than at higher ones.When increasing
the frequency from 300 kHz to 1.4 MHz, the maximum
available power decreases by about 22.5%. Unlike in the case

of air-gapped CPT systems, which require high frequency
to increase their power transfer capabilities, seawater CPT
systems can operate at low frequencies to transfer high
power with low EMI problem. Higher efficiency can also be
achieved if the maximum power transfer is not considered as
in [14]. Based on the analysis, the CPT system can provide
an attractive wireless charging solution to electric ships and
underwater vehicles with a wide separation distance and low-
frequency range.
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