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Abstract—Underwater capacitive power transfer (CPT) can
provide an inexpensive and light electric charging solution with
good misalignment tolerance for unmanned maritime vehicles.
This paper investigates the effect of the changing of the frequency
and the distance on the power transfer and overall efficiency of
the underwater CPT system, considering the dielectric losses of
the medium. It also proposes and validates a mathematical model
for calculating the maximum available efficiency of the system.
Using series compensations, the proposed CPT can transfer 48
W at 500 mm, 48 V input voltage, 516 kHz, and 54%.

Index Terms—Underwater structures, marine vehicles, wireless
charging, capacitive power transfer, maximum efficiency

I. INTRODUCTION

Unmanned maritime vehicles (UMVs) have attracted con-
siderable attention in recording oceanographic observations,
studying climate change, and observing marine pollution.
They can operate autonomously in challenging and hazardous
shallow or deep water [1]. Both surface and underwater UMVs
have been extensively used in marine exploitation investigation
and emergency search rescue [2], [3]. Powered by lithium-ion
batteries, these vehicles profile up hundreds to thousands of
kilometers of the ocean vertically or horizontally under remote
control over months [4].

Charging infrastructure can play a critical role in the de-
velopment of battery-powered autonomous UMVs. Battery-
swapping, wired charging, and wireless charging are three
main charging approaches that can be adapted for charging
maritime vehicles. Batteries swapping is time-consuming and
requires human intervention, which losing their autonomy.
Wired charging techniques are another approach that can be
achieved manually or automatically. Automatically, various
robotic docking and latching mechanism are proposed for
both unmanned surface vehicles (USVs) [5] and autonomous
underwater vehicles (AUVs) [6]. However, these techniques
require high-precision connection mechanisms, which increase
the design complexity and overall price of the system [7].

Wireless power transfer (WPT) technologies can provide
autonomous charging without mechanical contact between
the power source and maritime vehicles or ships. Inductive
power transfer (IPT) is one of the WPT technologies that
uses inductive coupling to wirelessly charge AUVs [8]–[11].
However, the proposed IPT systems can transfer power over a
distance range of tens of millimeters to reduce the underwater
eddy current losses. Besides, the systems comprise heavy,
expensive, and fragile parts. Capacitive power transfer (CPT)
is another WPT technology that utilizes electric fields to
transfer power. It is an inexpensive and light charging solution
with good misalignment tolerance.

Tamura et al. [12], [13] proposed underwater CPT systems
for charging USVs. In [12], they transferred 400W power
under freshwater over 20mm distance at 10.77MHz and ac-
ac efficiency exceeding 90%. While in [13], they designed
under seawater CPT system that can transfer data and 100W
power under freshwater over 20mm distance at 6.78MHz and
ac-ac efficiency exceeding 90%. Operating at a high-frequency
range increases the complexity of the design and increases the
losses at wide separation distances.

This paper will investigate the effect of the changing of the
frequency and the distance on the power transfer and overall
efficiency of the under seawater CPT system, considering
the dielectric losses of the medium. It will also examine
the horizontal and vertical four-plate structure to improve
the system’s transferability and efficiency. The rest of the
paper is organized as follows: Section II introduces simple
optimization criteria using a two-port approach to achieve
maximum power transfer efficiency. Section III presents the
experimental results. Finally, Section IV concludes the work.

II. MODELING APPROACH

The two-port network is a general formulation for the CPT
scheme in which the capacitive couplers can be modeled as
a black box from which only the voltages (u1, u2) and the
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Fig. 1. The two-port network model of CPT system.

currents (i1, i2) can be measured, as shown in Fig. 1(a). The
two-port network comprises the capacitive coupling parame-
ters, which can be modeled using the conventional CPT π-
network model, as illustrated in Fig. 1(b). The relationship
between the input current and voltage to the output current
and voltage can be expressed as
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This mathematical representation is more convenient when
the capacitive two-port network is cascaded with other net-
works, such as the compensation circuits, as shown in Fig.
1(c). The determinant of the matrix is unity. For a lossless
CPT system (i.e., the dielectric medium between the couplers
is lossless), A and D are purely real, while B and C are
pure imaginary values. If the CPT system is symmetric (i.e.,
Y11 = Y22), then A = D.

In Fig. 1(c), the source resistor Rs represents the sum of the
turn-on resistance of the switches in the inverter and the losses
in the compensation circuit of the transmitter side. The resistor
R0 represents the overall resistance of the CPT system seen by
the source. The parameter Yin represents the admittance at the
transmitter side, while the Yout is the admittance at the receiver
side. Finally, the Ye represents the effective admittance of the
load seen from the input of a rectifier. The input and output
admittances can be expressed as

Yin = Y11 −
Y 2
12

Y22 + YLo
(2)

Yout = Y22 −
Y 2
12

Y11 + YLo
, (3)

where YLo is the total admittance of the load and receiver
compensation seen from the capacitive coupler.

The input power can be expressed as

Pin = |u1|2 Re(Yin) =
|us|2R0

(R0 +Rs)
2 , (4)

where R0 represents the load, the dielectric losses in the
seawater, and the parasitic losses in the compensation circuits

seen by the source. Using (4), the normalized input voltage of
the CPT two-port network can be written as∣∣u1

us

∣∣2 =
1

Re (Yin)

R0

(R0 +Rs)
2 (5)

The voltage gain across the network is∣∣u2
u1

∣∣2 =
∣∣ Y12
Y22 + Yout

∣∣2, (6)

From (5) and (6), the normalized output voltage of the network
can be expressed∣∣u2

us

∣∣2 =
1

Re (Yin)

R0
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2

∣∣ Y12
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∣∣2, (7)

Using (7), the efficiency of the CPT considering the source
losses can be express

η =
R0

R0 +Rs

Re (Yout)

Re (Yin)

∣∣ Y12
Y22 + Yout

∣∣2, (8)

Defining the following two parameters for the convenience of
mathematical symbols:

ψ2 =
g212

g11 g22
(9a)

χ2 =
b212

g11 g22
, (9b)

where g12 is the conductance, b12 is the susceptance, ψ
represents the ratio between the coupling conductance and
the self-conductance, and χ is equivalent to the multiplication
of the quality factor and the coefficient of coupling (i.e.,
χ ≈ k Q).

The maximum efficiency is achieved when ∂η/∂gout = 0
and ∂η/∂bout = 0. First, ∂η/∂bout = 0 is solved to optain

bout = g2 (ψ χ)− b2, (10)

Substituting the value for (10) into ∂η/∂gout = 0 gives

gout = g2
√
( 1− ψ2 ) ( 1 + χ2 ) (11)

Then substituting both (10) and (10) into (8) gives

ηmax =
1

1 + a

ψ2 + χ2(
1 +

√
( 1− ψ2 ) ( 1 + χ2 )

)2

+ (ψ χ)
2
,

(12)
where a = Rs/R0 normalized source resistance to the overall
resistance of the CPT system seen by the source. The first
term in (12) represents the efficiency of the source and the
compensation circuit on the transmitter side. The second term
represents the maximum available efficiency of the capacitive
coupling network similar to the one reported in [14].

If the parameter a is unity (i.e., Rs = R0), then maximum
available power is achieved at 50% of maximum system effi-
ciency similar to the solution in [14]. For a lossless medium,
such as in an air-gapped CPT system, the (12) become

η∗max =
1

1 + a

χ2(
1 +

√
( 1 + χ2 )

)2 , (13)
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Fig. 2. The test setups: (a) Horizontal four plates configuration. (b) Vertical
four plates configuration.

Compared maximum efficiency of the lossless CPT system
reported in [15], then χ represents the kQ product as men-
tioned previously in this section.

III. EXPERIMENTAL RESULTS

Four 150 × 150 × 30 mm aluminum plates are used as
capacitive couplers. The plates are insulated from water using
a plastic lamination pouch and submerged in a container filled
with 480 × 300 × 200 mm seawater that is collected from
the local harbor. Using a Pico Vector Network Analyzer, the
underwater admittance is measured at a distance (d) 300 mm
for both horizontal and vertical configurations, as illustrated
in Fig 2.

Fig. 3 shows the susceptance underwater as a function
of frequency. The susceptances are linearly proportional to
the frequency for horizontal and vertical configurations. The
slopes of the lines are proportional to the coupling capacitance
underwater. The coupling capacitance underwater is constant
for both configurations over the frequency range.

Similarly, Fig. 4 presents the conductances underwater as a
function of frequency. The conductances are ten times lower
than the susceptances at the frequency ranges. The increase
in the conductances with the increase of the frequency is at-
tributed to the parasitic conductances of the wires that connect
the plates to the VNA cables. Operating at low-frequency
ranges reduces the conductive coupling under seawater, en-
hancing overall efficiency. The conductive coupling g12 of the
vertical configuration has higher values than the horizontal
one. Although the overall effective area of the horizontal
configuration is higher than the vertical one, the cross-coupling
between the plates in the horizontal configuration reduces the
conductive coupling parameter.

The changing of the parameter ψ2 with the frequency for
horizontal and vertical configurations is shown in Fig. 5. As
the conductive coupling g12 values of the vertical configuration
are higher than the horizontal one, the vertical configuration
has higher ψ2 values. Fig. 6 shows that the parameter χ2

increases with the decrease of the frequency for horizontal
and vertical configurations. Although both the coupling sus-
ceptance and conductances increase with the increase of the
frequency, the rate of the increase in the conductive parameters
in the denominator in (9b) is faster than the increase in the
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Fig. 3. The coupling susceptance under seawater for horizontal and vertical
configurations.
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Fig. 4. The conductance of the under seawater coupling.

numerator, making the parameter χ2 linearly decrease with the
increase of the frequency.

Using the relationship in (12), Fig. 7 shows the efficiency
of the underwater capacitive coupling over a frequency range
300 kHz to 700 kHz. The underwater couplers have higher
efficiency at lower frequency ranges. Although the vertical
configuration has higher values of the parameter ψ2 than
the horizontal one, both vertical and horizontal configurations
have very close values of efficiency. This is attributed to the
parameter χ2, which is the key parameter to achieve highly
efficient coupling at frequency range 300 kHz to 700 kHz, as
the coupling conductivity is very low. As the χ asymptotically
approaches infinity, the efficiency approaches 100% according
to (12).

For experimental convenience, the vertical configuration
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Fig. 5. The ψ of underwater capacitive coupling plates.
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Fig. 7. The efficiency of underwater capacitive coupling plates.

will be further examined. Series compensation circuits are
used. A GaN bridge inverter (Infineon EVAL1EDFG1HBGAN
[16]) inverts the dc voltage into square-waveform, which is
modeled as a square-wave voltage source in Fig. 1. Four
Schottky diodes (C6D04065A [17]) are used to build a diode
bridge that rectifies the ac transmitted power to dc. The overall
CPT system configuration is illustrated in Fig. 8. PA2203A
IntegraVision Power Analyzer is used to measure the output
power and the dc-dc efficiency of the system.

The effect of the separation distance on the transmitted
power and overall system efficiency is examined at 409 kHz
and 48Vdc input voltage. Fig. 9 shows the change in the
output power and the overall efficiency of the system with
the change in the separation distance. The output power and
efficiency are not changing significantly with the changing of
the separation distance between the transmitter and receiver
couplers. When the separation distance increase from 50mm
to 500mm, the efficiency increases from 43.5% to 44.7%
while the output power decreases from about 30W to 27W.
The enhancement in the efficiency is attributed to the decrease
of the coupling conductance, and hence the parameter χ2, with
the increase of the separation distance as explained in [18].

Similarly, the effect of the operating frequency on the
transmitted power and overall system efficiency is examined
at the frequency ranges about 200 kHz to 700 kHz. Fig. 10
shows the change in the output power and the overall efficiency
of the system with the change in the operating frequency.
The maximum efficiency is 57.3% is achieved at 337 kHz,
while the maximum output power is about 48W at 516 kHz
operating frequency. Fig. 11 shows the calculated efficiencies
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Fig. 9. The changing of the output power and overall system efficiency with
changing the separation distance.
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Fig. 10. The changing of the output power and overall system efficiency with
changing of the operating frequency.
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Fig. 12. The waveforms at maximum efficiency: the output voltage of the
inverter Vab (yellow), the transmitter current iT (blue), and the receiver
current iR (red).

from (12) and measured values under the change of the operat-
ing frequencies. The maximum ON-resistors of enhancement
mode transistors and the losses in the transmitter inductor
are considered as the source resistance Rs, as mentioned
previously in section and shown in Fig.1. However, the internal
resistance of the dc source is not considered in the calculated
efficiencies, which might explain the difference between the
calculated and measured values.

Fig. 12 and 13 shows the inverter output voltage and
the transmitter and receiver current waveforms at maximum
efficiency and maximum power, respectively. In both cases,
the phase shift between the transmitter and receiver currents
is about 90 degrees which result in zero transmitted reactive
power [19]. Fig. 12 shows that the transmitter current is
slightly lagging behind the output voltage of the inverter,
which helps to achieve the zero voltage switching condition
for the switches. In contrast, Fig. 13 shows that the transmitter
current is in phase with the output voltage of the inverter,
which means the zero phase angle condition is achieved, and
hence a minimum VA rating of power supply is required.
However, as the transmitter and receiver currents are high,
there will be more losses in the system.

Table I summarizes a comparison of the performances of
the designed system with the recently proposed underwater
CPT systems. The papers [12], [13] investigate high-frequency
operating CPT systems under fresh and seawater, respectively.
They managed to transfer hundreds of watts over a separation
distance of 20mm, which is short enough to achieve high
ac-ac efficiency of higher than 90%. However, operating at
high-frequency to transfer high power might face practical
challenges.

The researchers in [20] transmitted 100W at 500 kHz
operating frequency and separation distance of 400mm. As the
operation conditions are not far from this work, the efficiency
that they achieved is 50%. However, the input voltage that they
used is 100V, increasing the input voltage results in increasing
the resistance Ro. Thus, operating the system proposed in

Fig. 13. The waveforms at maximum power: the output voltage of the inverter
Vab (yellow), the transmitter current iT (blue), and the receiver current iR
(red).

this paper at 100V is expected to have better efficiency and
higher power. Another approach to improve the efficiency
further is using another type of compensation circuit (i.e., large
Ro hence no reflected power) and reactive compensation for
underwater CPT transfer system.

Finally, paper [21] transferred 100W at 625 kHz oper-
ating frequency and separation distance of 150mm using
more complex compensation circuits. However, the paper
investigated the underwater effect by placing a seawater bag
between air-gapped plates, which neglects the fringing effects
and the cross-coupling effects between the plates. Thus, the
reported results will be different if the capacitive couplers are
submerged in water.

IV. CONCLUSION

This paper investigated CPT submerged in seawater for
maritime charging applications. It proposed and validated a
mathematical model to calculate the maximum achievable
efficiency of the CPT system considering the dielectric losses
of the medium. Moreover, the effect of changing separation
distance and switching frequency on the transmitted power and
the overall efficiency is examined using series compensation.
While the distance has almost little effect on the power
transfer and efficiency, the operating frequency considerably
affects the performance of the system. The paper tests series
compensation circuit to transfer 48W at 500mm, 48V input
voltage, 516 kHz, and 54%. Operating the system at low
frequencies can improve the overall efficiency while limiting
the transferred power. Different compensation circuits are
required to achieve a better solution to enhance efficiency and
power transferability.
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