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 

Abstract—This paper presents a four-plate undersea capacitive 
wireless power transfer (CPT) system for underwater 
applications such as autonomous underwater vehicles (AUVs). 
Generally, a CPT system transfers the power based on electric 
fields. The complex resonant compensation networks are used to 
make the CPT system work in the resonant condition. The 
resonant voltage is always very high. It will be a big challenge to 
the human safety. In this paper, a virtual electrons periodic 
reciprocating flow theory is proposed for the CPT system. In one 
switching cycle, the electrons firstly flow in the forward direction 
through the forward path and then flow in the inverse direction 
through the inverse path. The CPT system has been deeply 
studied with the vacuum dielectric or the air dielectric. However, 
for the CPT system, there are few papers to show the underwater 
application. In this paper, an undersea four-plate CPT system is 
designed and studied in the underwater condition. The two 
coupling capacitors and other elements of the CPT system could 
build a closed-loop path. A small value inductor is adapted as a 
resonant compensation network for the four-plate CPT system. 
The DC voltage is inverted to the AC voltage in the primary side 
with the single-phase full-bridge inverter. The resonant voltage is 
rectified to the DC voltage in the secondary side with the 
single-phase full-bridge diode rectifier. A 100 W power level CPT 
system is constructed to verify the theory analysis and the 
calculation. The theory analysis is verified by the simulated and 
experimental results. The stable output voltage and load power 
are achieved in this paper. 
 

Index Terms—Wireless power transfer system, capacitive, 
underwater applications, autonomous underwater vehicles 
(AUVs).  
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I. INTRODUCTION 

IRELESS power transfer (WPT) system is a technology 
that can deliver the power without the physical contact. 

Several methods of wireless power transfer technology have 
been introduced including inductive coupling through 
magnetic fields, capacitive coupling through electric fields, 
laser-based optical power transmission and far-field RF 
microwave energy transmission. Inductive wireless power 
transfer (IPT) utilizes non-radiative magnetic fields with the 
kHz to MHz range to realize the wireless power transfer 
function. The inductive coupler is adapted to generate the 
magnetic fields. IPT system has been widely used for 
underwater equipment [1]-[6], implantable medical devices 
[7]-[10], mobile devices [11]-[15], electrical vehicles (EVs) 
[16]-[20], or drone-in-flight [21]. IPT technologies could 
provide the benefits such as high efficiency, galvanic isolation, 
and high reliability especially in hostile environments [22]. 

In the underwater condition, underwater inductive wireless 
power transfer (UIPT) system should take care the eddy 
current loss which is generated by the conductive water as 
shown in Fig.1. The mutual inductance of UIPT system will 
change with the variable relative magnetic permeability. The 
relative magnetic permeability of water will vary with the 
temperature and salinity. For the UIPT system, it suffers from 
the large leakage magnetic fields. What’s more, the UIPT 
system is sensitive to the presence of metal material nearby. It 
will generate heat with the redundant power loss.  

Compared to the IPT system, the capacitive wireless power 
transfer (CPT) system adapts very high-frequency (MHz) 
electric fields to deliver the power from the transmitter to the 

 
Fig.1.  Eddy current loss of IPT system in marine environment (simulated by 
Ansys Maxwell with 5 A current, 60 mm distance, 100 mm diameter of coil, 
and the temperature 25℃). 
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receiver [23]. The transmitter and receiver are built by the 
meatal plates which are called capacitive coupler. Two 
coupling capacitors provide a power flow from the power 
source to the load. The CPT system is usually used for the low 
power applications. Recently, several kilowatts power level 
CPT topologies are proposed which could transfer the power 
with the large distance between the transmitter and the 
receiver [24]-[27]. The CPT technology has been highly 
developed in recent years. This technology could also be 
adapted for the electrical ship and all-electric aircraft.  

There are different kinds of coupling capacitor structures 
for different kinds of CPT systems as shown in Fig.2. The 
general coupling structure is the four metal plates topology. 
The transmitter side is consisted by two metal plates (P1 and 
P2) and the receiver side is consisted by two metal plates (P3 
and P4) as shown in [23] and [25]. These four metal plates 
build the two coupling capacitor units. The size of the 
transmitter metal plates could be same to the receiver metal 
plates as shown in Fig.2 (a). It can be seen from Fig.2 (c), the 
transmitter metal plates are designed larger than the receiver 
metal plates to reduce the electric field radiation. In [24], for 
dynamical wireless power transfer application such as the 
electric vehicle battery charging, the transmitter metal plates 
should be long enough to provide the stable power to the 
receiver metal plates as shown in Fig. 2 (b). In order to 
prevent electric field emissions to the surrounding 
environment, paper [26] proposes a six-plate capacitive 
coupler for large air-gap wireless power transfer application as 
shown in Fig.2 (d). A combination of the IPT topology and the 
CPT topology is proposed in [27]. The coupling structure is 
shown as Fig. 2 (e). As shown in Fig.2 (f), in order to improve 
the power transfer level, the four transmitter metal plates CPT 
structure is proposed in [28].  

It should figure out that most of the CPT systems are used 
for air dielectric. There are few papers to show the undersea 
CPT system. The permittivity of the seawater is about 81 
times larger than the permittivity of the free space. With the 
seawater medium, the power transfer capacity of the CPT 
system could be highly improved at the same distance between 
the transmitter and the receiver of the CPT system with the air 
medium. Compared to the IPT system, the power of the CPT 
system is delivered through the electric fields. The advantages  

 

Fig.2.Coupling capacitor structure. 

 
Fig.3.  Topology of four-plate CPT system. 

of the undersea CPT applications are the low cost and no 
eddy-current loss with nearby metals. An underwater 
capacitive wireless power transfer (UCPT) system is proposed 
in [29] for operation in freshwater. The 91.3% power transfer 
efficiency is achieved at distance of 20 mm. The capacity of 
high power UCPT system for electrical ship has been 
investigated in [30]. The power level reaches 226.9 W across 
the distance 500 mm with 60.2% efficiency. What’s more, it 
shows that the mathematical theory power capacity of the 
UCPT system could be as high as MW level. A bidirectional 
underwater capacitive wireless power transfer (BD-UCPT) has 
been proposed in [31] and [32] for AUVs’ battery charging 
applications. A 100 W experimental BD-UCPT is built and 
tested. The power of proposed BD-UCPT system could flow 
bidirectionally.  

Based on aforementioned discussion, in order to extend the 
CPT system application for the undersea condition, this paper 
proposes a four-plate CPT system which based on the virtual 
electrons periodic reciprocating flow theory for the undersea 
application. The resonant compensation network is only one 
inductor. The dielectric between the four metal plates is 
seawater. The electric fields and the power transfer capacity 
are presented in this paper. The rest of paper is organized as 
follows: the topology of the four-plate CPT system is shown 
in Section II. Section III provides the theory analysis of the 
virtual electrons periodic reciprocating flow theory for the 
four-plate CPT system. The simulated and experimental 
verification is shown in Section IV. The conclusions and 
discussions are drawn in Section V. 

II. TOPOLOGY MODEL 

The four-plate CPT system adapted in this paper is 
presented as Fig.3. Two inductors (L2 and L3) are respectively 
connected to the coupling capacitor (C1 which is built by 
plates P1 and P3 and C2 which is built by plates P2 and P4) in 
serial. Another two inductors (L1 and L4) are injected in the 
charging path of the power source which could reduce the 
spikes of the input current. The dielectric between the four 
plates is the seawater. The salinity of the seawater is about 
35‰. The power is transferred through the electronic fields 
with the LC network. The LC network is consisted of the 
resonant inductor and the coupling capacitor. There are two 
coupling capacitors which are respectively connected to the 
full-bridge inverter and the full-bridge diode rectifier. The top 
coupling capacitor C1 is built by the metal plates P1 and P3. 
The bottom coupling capacitor C2 is built by the metal plates 
P2 and P4. The equivalent operation states and the operation  



204 CES TRANSACTIONS ON ELECTRICAL MACHINES AND SYSTEMS, VOL. 5, NO. 3, SEPTEMBER 2021 

P4
Vin

S3

L3 

D2 

D4 

Co RL 

P1

S2 D1 

D3 

L4 

P2

P3
L2 

L1 

I1F I2F

I3F

C1 

C2 

 
(a) First half cycle 

D3 

S1

Vin

L3 

D2 

D4 

Co RL 

P1

S

4

D1 

P2

P3

P4

L4 

I1S

I2SI3S

L2 

L1 

C1 

C2 

 

(b) Second half cycle 

Fig.4. Equivalent operating states of four-plate CPT system. 

 

Fig.5. Operation timing waveforms of four-plate CPT system. 

timing waveforms of the four-plate CPT system are 
respectively shown as Fig.4 and Fig. 5. 

As shown in Fig.4 and Fig.5, in the first half cycle, the 
current I1F flows from the power source to the inductor L1, the 
inductor L2 and the top coupling capacitor C1. The current I2F 
flows from top coupling capacitor C1 and the inductor L3 to the 
output filter capacitor Co, load resistor RL and the bottom 
coupling capacitor C2. During the same period, the current I3F 
flows from the bottom coupling capacitor C2 to the inductor L4 
and the power source. As a result, a virtual closed-loop path is 
constructed. In the second half cycle, the current I1S flows 
from the power source to the inductor L1 and the bottom 
coupling capacitor C2. The current I2S flows from bottom 
coupling capacitor C2 to the output filter capacitor Co, load 
resistor RL, the inductor L3, and the top coupling capacitor C1. 
During the same period, the current I3S flows from the top 
coupling capacitor C1, the inductor L2 to the inductor L4 and 
the power source. Then, another virtual closed-loop path is 
constructed. It can be seen from Fig.4, when S1 and S4 are ON, 

S2 and S3 are OFF, the currents I1 and I2 increase while the 
current I3 decreases. When S1 and S4 are turned off, S2 and S3 
are turned on, the currents I1 and I2 decrease while the current 
I3 increases. The trend of the current I2 is same to the current I1. 
However, the current I3 has the opposite trend to the currents 
I1 and I2. In one switching cycle, there are two closed-loop 
paths for the electrons flowing from the primary side to the 
secondary side. Then, the power could be wirelessly 
transferred from the power source side to the load side. In the 
seawater condition, the coupling capacitor model of four-plate 
CPT system could be drawn as Fig.6. 

 

Fig.6. Coupling capacitor model in the seawater condition. 

III. THEORY ANALYSIS 

For the CPT system, it should build a closed-loop path for 
electrons. Based on the virtual electrons flow theory and the 
four-plate CPT system, in one switching cycle, the electrons 
are delivered two times through two different virtual 
closed-loop paths. As a result, the power will be transferred 
two times in one switching cycle from the power source to the 
load. The equivalent operating states of the four-plate CPT 
system based on the virtual electrons flow theory can be seen 
as Fig.4. According to Fig.4, in one switching cycle, the 
current I1 has the same trend to the current I2. The phase shift 
between the current I3 and the currents I1 and I2 is 180°. For 
the sake of easy analysis, the internal resistance and the 
voltage of diodes are ignored. The internal resistance of the 
DC source is also not considered in the real calculation. 

In the seawater condition, the permittivity of seawater 
determines the capacitance of the coupling capacitor. The 
permittivity of seawater, temperature, salinity and angular 
frequency of electromagnetic wave have a relationship as: 
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Where ( , )s t  is the high-frequency seawater dielectric 

permittivity limit, 12
0 8.854 10 F / m   is the permittivity 

of free space, the angular frequency of electromagnetic wave 

2 f  ,f is the frequency of electromagnetic wave, 1( , )s t  

is the static permittivity of seawater and ( , )s t  is the ionic 

conductivity of seawater. 
The electric field intensity in the power transfer central 

channel could be written as: 
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Considering the edge effects, with the seawater medium, the 
value of two coupling capacitor could be calculated as: 

2
0.89

sea

( )
(1 2.343 ( ) ) ( )lD l

C
l D

            (3) 

Where l is the length of metal plate, D is the distance of one 

pair of plates, and sea  is the permittivity of seawater. 

With the single-phase full-bridge inverter, the resonant 
voltage of the primary side could be derived as: 

  p in

2 2
v v

p
                 (4) 

On the other hand, with the single-phase full-bridge diode 
rectifier, the resonant voltage of the secondary side and the 

load voltage has a relationship as： 

   o s

2 2
v v


                   (5) 

There is an equivalent capacitor between every two metal 
plates, the six equivalent capacitors could be achieved in the 
coupling structure, as shown in Fig.5.  

As shown in [33], based on the coupling capacitor structure 
model, the self-capacitance of primary side and 
self-capacitance of secondary side are expressed as follows: 
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and, the mutual capacitance could be written as: 
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The resonant compensation network is a simple LC network. 
As a result, the resonant frequency could be derived as: 

s

p p s s

1 1

2 2
f

L C L C 
            (9) 

Where
p

L is the inductance of the equivalent inductor of the 

primary side resonant compensation network, and s
L is the 

inductance of the equivalent inductor of the secondary side 
resonant compensation network. 

The angular frequency is written as: 

s s

p p s s

1 1
2 f

L C L C
           (10) 

Considering the topology of the four-plate CPT system, the 
resonant voltage of the primary side vp and the resonant 
voltage of the secondary side vs have the relationship as: 
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In the first half-cycle, the equivalent circuit of the four-plate 
CPT system could be drawn as Fig.7. As shown in Fig. 7, the 
current flows through the virtual closed-loop path from the 
coupling capacitor C1 to the coupling capacitor C2. The 
isolation unit is the coupling capacitor C1 and the coupling 
capacitor C2. During the first half cycle, we set that the 

electrons flow in the forward direction. During this period, the 

current 1F is equal to the current 2F. It can be seen from 
Fig.7, the equivalent resistor of the forward path is consisted 
of the equivalent resistor of inductor L1, the equivalent resistor 
of inductor L2, the equivalent resistor of inductor L3, the 
equivalent resistor of inductor L4, the internal resistor of 
coupling capacitor C1, the internal resistor of coupling 
capacitor C2 and the resistor of the parallel connected output 
filter capacitor Co and load resistor RL.  

Based on the KCL and KVL principles, the current i1F, the 
current i2F and the current i3F in the first half cycle could be 

respectively derived as: 
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Where vL1 is the voltage of the inductor L1, vL2 is the voltage 
of the inductor L2, vC1 is the voltage of the top coupling 
capacitor, vC2 is the voltage of the bottom coupling capacitor, 
vL3 is the voltage of the inductor L3, vL4 is the voltage of the 
inductor L4 and vo  is the load voltage. 

 

Fig.8.  Equivalent circuit of four-plate CPT system in the second half cycle. 

In the second half-cycle, the equivalent circuit of the 
four-plate CPT system could be drawn as Fig.8. It can be seen 
from Fig.8, the current i1S is equal to the current i2S. The 
current flows through the virtual closed-loop path from the 
coupling capacitor C2 to the coupling capacitor C1. The 
isolation unit is the coupling capacitor C1 and the coupling 
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Fig.7. Equivalent circuit of four-plate CPT system in the first half cycle. 
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capacitor C2. During the second half cycle, we set that the 
electrons flow in the inverse direction. As shown in Fig.8, the 
equivalent resistor of the inverse path is consisted of the 
equivalent resistor of inductor L1, the equivalent resistor of 
inductor L2, the equivalent resistor of inductor L3, the 
equivalent resistor of inductor L4, the internal resistor of 
coupling capacitor C1, the internal resistor of coupling 
capacitor C2 and the resistor of the parallel connected output 
filter capacitor Co and load resistor RL.    

Based on the KCL and KVL principles, the current i1S, the 
current i2S and the current i3S in the second half cycle could be 
respectively derived as: 
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The electric quantity which is transferred through the 
coupling capacitor in one switching cycle could be drawn as: 

S S
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Considering (11)-(16), in one switching cycle, the average 
load current could be derived as: 
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Considering (18), the output power can be expressed as: 
2

o o L( )P I R                  (20) 

IV. EXPERIMENTAL AND SIMULATED VERIFICATION 

To illustrate the viability of the virtual electrons periodic 
reciprocating flow theory for the four-plate CPT system in the 
undersea condition, the experimental setup is built as shown in 
Fig.9. A water tank is used to simulate the seawater 
environment. The parameters of the four-plate CPT system are 
shown as Table 1. The experimental temperature is 25 . ℃ As 
shown in Table 1, the enhancement mode GaN-on-silicon 
transistor based full-bridge single-phase inverter and the 
full-bridge single-phase rectifier are adapted in the 
experiments. The experiments are conducted with the 400 mm 
distance between the transmitter metal plates and the receiver 
metal plates. The input voltage is set 100 V and the resonant 
frequency is set 500 kHz. The tested coupling capacitor is 
placed in the salty water condition with the salinity 35‰. The 
metal plates are covered by the waterproof plastic film. The 
simulation is conducted with PSIM and ANSYS Maxwell. The 
four-plate CPT system is controlled by the open-loop 
synchronous control method. 

A. Simulated Verification 

In order to measure the influence of meatal hull of AUV on 
electric fields, the simulation is conducted with the Ansys  

 

Fig.9.  Experimental setup for the tested four-plate CPT system. 

Maxwell software. The arc-shaped meatal plates are adapted 
to do the simulation work. The medium between the two 
AUVs is seawater with the 35‰ salinity. The size of the 

meatal plates is 170 mm×100 mm×5 mm. The radian is 15°. 

The distance between the two metal plates is 60 mm. The 
amplitude of alternating voltage injected on the two meatal 
plates is 220V. The simulated results are shown as Fig.10. It 
can be seen from Fig.10 (a), the electronic field is generated 
by the wireless power transfer system. When the two meatal 
plates of the CPT system placed between the two hulls of 
AUVs, the measured average electric field strength between 
the two metal plates is about 3142.9 V/m. As shown in Fig.10 
(b), when one metal plate placed inside an AUV, the tested 
average electric field strength is about 3428.6 V/m. When the 
two meatal plates of the CPT system placed outside two hulls 
of AUVs as shown in Fig.10 (c), the measured electric field 
intensity between the two metal plates is about 3714.3 V/m. 
As a result, the meatal hull of AUV will have effect on the 
power transfer of CPT system. However, the impact is limited. 

The simulation is conducted with the load resistance 100 Ω.  

TABLE Ι.  
CIRCUIT PARAMETERS 

Circuit parameters Value  

L1 10 uH  

L2 75.10 uH 

L3 16.90 uH 

L4 10 uH 

Input voltage  100 V 

S1, S2, S3, S4 

GS66508B, 
Simple gate drive requirements 
(0 V to 6 V), Transient tolerant  

gate drive (-20 V / +10 V), 
Very high switching frequency 

(> 10 MHz) 

D1, D2, D3, D4 

Fast Recovery Diode， 
VS-20CTH03STRL-M3,Vr=300 

V,Io=10 A， 
Vf=1.25V@10 A, trr=35 ns. 

Switching frequency  500 kHz 
Cp 1.35 nF 
Cs 5.98 nF 

Distance 10 mm~400 mm 
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(a) Two meatal plates placed inside the AUVs 
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(b) One meatal plate placed inside the AUVs 
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(c) Two meatal plates placed outside the AUVs 

Fig.10.  Simulated electronic fields. 

The simulated results are shown as Fig.11. As shown in Fig. 
11 (a), when switches S1, S2, S3, and S4 are turned on and off 
alternately, the current will be generated. The current I1, I2, and 
I3 will flow periodically in one switching cycle. In the first 
half cycle, I1 and I2 will increase to the highest value. During 
the same period, I3 will decrease to the lowest value. In the 
second half cycle, when I1 and I2 decrease, I3 will increase. 
The maximum value of I1, I2 and I3 is about 1 A and the 
minimum value of I1, I2 and I3 is about -1 A. Based on the 
fore-mentioned discussion, in one switching cycle, the 
resonant current will have a forward path and an inverse path. 
As a result, in one switching cycle, there will be two virtual 
closed-loop paths for the electrons flowing from the power 
source to the load through the isolated coupling capacitors C1 
and C2. The power is transferred two times from the primary 
side to the secondary side of the four-plate CPT system.  

It can be seen from Figure 11 (b), with the input voltage 
100 V, the measured load voltage is about 90 V. The input 
current is maintained stable without high spikes. The tested 
load current is about 0.99 A. As a result, the four-plate CPT 
system could work with the open-loop control method. It 
provides stable load voltage and load current.  

The output voltage of the primary side full-bridge inverter 
and the input voltage of the secondary side full-bridge rectifier  

 
(a) 

 

(b) 

Fig.11 Simulated operation waveforms of four-plate CPT system. 

are also measured in this paper. The simulated voltage 
waveforms of the four-plate CPT system are shown as Fig.12. 
It can be seen from Fig.12, the maximum value of the output 
voltage of the primary side full-bridge inverter and input 
voltage of the secondary side full-bridge rectifier is about 100 
V. 

This value is similar to the input voltage. The similar trend 
of these two voltages is achieved. With the four-plate CPT 
system, the power could be transferred with the low primary 
side resonant voltage and the secondary side resonant voltage. 

 

Fig.12.  Simulated voltages of primary side and the secondary side of 

four-plate CPT system. 

B. Experimental Verification  

Experiments are conducted with the experimental prototype 
as shown in Fig.8. The experimental results are shown as Fig. 
13 and Fig.14.  

As shown in Fig.13 (a), in the salty water condition, the 
input current of the four-plate CPT system is continuous with 
the small current ripples. The load voltage is stable. As shown 
in Fig.12 (b), the voltage of the top coupling capacitor C1 and 
the voltage of bottom coupling capacitor C2 are also tested in 
this paper. As shown in Fig.13 (b), the voltage of coupling 
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capacitor C1 has the opposite trend to the voltage of coupling 
capacitor C2. It means that when the coupling capacitor C1 is 
charged, the coupling capacitor C2 discharges its energy, and 
vice versa. As a result, the coupling capacitor C1 and the 
coupling capacitor C2 will work complementarily with each 
other in one switching cycle. It has a good match with the 
theory analysis and the simulation results. 

 
(a) voltages of primary side and the secondary side 

 
(b) voltages of coupling capacitors 

Fig.13. Experimental operation waveforms of four-plate CPT system.  

The resonant currents are also measured in the experiments. 
As shown in Fig.14, the current I1 follows the voltage of the 
coupling capacitor C1 and the current I3 also follows the 
voltage of the coupling capacitor C2. However, the current I1 
has the opposite trend to the current I3. It also matches the 
theory analysis and the simulation results.  

In the experiments, the efficiency is not high enough, with 
the power level 100 W and the distance 400 mm between the 
transmitter and the receiver, the maximum efficiency is about 
50%. The reasons could be summarized as follows: 

(a) The resonant compensation network is just an inductor, 
it is hard to maintain the resonant condition for the primary 
side and the secondary side of the CPT system at the same  

 
(a) voltage and current of coupling capacitor C1 

 

(b) voltage and current of coupling capacitor C2. 

Fig.14. Experimental voltage and current waveforms of coupling capacitors.  

 
time. The optimized resonant compensation network will be 
built in the future work. 

(b) The conductive feasibility of the salty water is still a 
challenge for the CPT system, the power loss theory analysis 
in the conductive water condition will be done in the future 
work. 

(c) How to transfer the power with the long distance is still 
a key problem in the underwater applications especially for the 
undersea environment. 

(d) As shown in the Fig.15 in the seawater condition, the 
coupling capacitor will have the dielectric resistance. The 
conductive seawater will generate the additional power loss. In 
the future work, the research work on the coupling capacitor 
structure in the seawater condition will be carried out to 
reduce the dielectric resistance power loss. 

V. CONCLUSIONS 

An undersea four-plate CPT system is built based on a 
virtual electrons periodic reciprocating flow theory. This 
theory is used for the wireless power transfer system which 
based on the electric fields. Two inductors are respectively 
connected to the coupling capacitors. The coupling capacitor 
is constructed by four metal plates. The dielectric between the 
four metal plates is the seawater. The electrons periodic 
reciprocating flow theory is verified by the simulation and 
experiments. The simulation is done with the PSIM and 
ANSYS Maxwell. In the experiments, a water tank with the 
35‰ salinity is used to simulate the seawater condition. When 
the experiments are conducted, the four metal plates are 
placed in the salty water tank. The simulated and experimental 

 
Fig.15. Equivalent circuit of the coupling capacitor structure in the 
seawater condition. 
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results show that the electrons flow in the two different 
closed-loop paths in one switching cycle and the power could 
be transferred two times in one switching cycle. The two 
coupling capacitors alternately receive energy and discharge 
the saved energy in one switching cycle. The tested four-plate 
CPT system could stably transfer the power in the salty water 
tank with the low resonant voltage. This paper could promote 
the future research work for the wireless power transfer 
system especially for the underwater wireless power transfer 
applications. 
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