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Undersea Capacitive Coupled Simultaneous Wireless
Power and Data Transfer for Multiload Applications

Chaolai Da"?, Fang Li"¥, Ming Nie

and Lifang Wang

Abstract—This article proposes the implementation of a wireless
power supply and data transmission system for automatic under-
water vehicle (AUV) clusters in submarine multiload application
scenarios, which is based on the principle of single capacitive
coupling and comprises a power station at the transmitting side and
multiple devices at the receiving side. The power station can charge
all devices synchronously while also achieving instructions from the
power station to multiple AUVs and the data loading of the power
station from each AUV. First, the equivalent circuits of undersea
capacitive coupled simultaneous wireless power and data transfer
(UCC-SWPDT) system are built and the characterization of the
power channel and the bi-directional data channel are investigated.
Next, the interference of the power channel to the data channel is
analyzed. The modeling of the coupling mechanism in seawater
is developed and simulated, while a parametric design procedure
for the UCC-SWPDT system is proposed. Finally, a prototype with
a total output power of 200 W and a data rate up to 1 Mb/s is
built, where the experimental results demonstrate the feasibility of
the UCC-SWPDT system proposed in this article to be applied in
submerged multiload scenarios.

Index Terms—Multiload wireless power transfer, simultaneous
wireless power and data transfer (SWPDT), single capacitive
coupling, undersea wireless power transfer (UWPT).

I. INTRODUCTION

NDERSEA wireless power transfer (WPT) technology has
U attracted a lot of attention due to its safety and flexibility
in recent years, which addresses the wet plug charging of au-
tonomous underwater vehicles (AUV) and the improvement of
their endurance [1], [2], [3], [4].

A representative scenario for the application of the WPT
technology in seawater is shown in Fig. 1. Photovoltaics, power
station, and solid-state battery build a renewable energy system
and sensing network, capable of recharging and data interaction
with the AUV clusters operating submerged. The captured mes-
sages are then uploaded to the mothership on the surface. The key
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Fig. 1. Schematic of WPT system and sensing network in the submarine.

to this is charging AUV clusters by the power station, a single
transmitter and multiple receivers (STMR) WPT technology.
The existing research for STMR systems is mainly implemented
in air [5], [6], [7], [8].

In [5], [6], and [7], an inductive coupling scheme with coils
was employed to implement STMR systems for multiload appli-
cations. Nevertheless, the relatively high eddy current losses in
seawater over long transmission distances limit the application
of this scheme [9], [10]. A double-receiver compact single ca-
pacitive coupled WPT (SCC-WPT) system was proposed based
on a single capacitance coupled scheme in [8], which has a low
number of metal plates and excellent spatial freedom compared
to the conventional capacitive coupling WPT system with four
metal plates. Although this solution has been implemented and
demonstrated to be practical in the air, the influence of seawater
on the system characteristics needs to be investigated when this
solution is applied to the undersea STMR system.

In addition, the power station sends instructions to the AUV
clusters when they are charging. Each AUV needs to upload data
to the power station simultaneously [11], [12]. Conventional RF
communication schemes degrade dramatically with increasing
distance and can only be used for very close transmission
distances. In recent research, it has been found that simulta-
neous wireless power and data transfer (SWPDT) technology is
expected to overcome this issue [13], [14], [15], [16]. Several
investigations have been carried out in the air [17], [18], [19],
[20], [21], providing the basis for SWPDT technology to be
applied in seawater.

The research in [17] has shown that it is possible to achieve
kW-level power transfer and Mb/s level data rates after optimiz-
ing the parameters in the SWPDT system. The SWPDT system
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proposed in [18] was capable of achieving full-duplex commu-
nication mode with a signal-to-noise ratio (SNR) of 32 dB. In
[19], the SWPDT technology was applied to a dynamic wireless
charging system for electric vehicles. It is interesting to note
that data are transferred through the high-frequency electric field
generated by the parasitic capacitances of the coupling coils and
the metal shield plates. In addition, in an attempt to investigate
the interference of the power channel to the data channel, the
suppression of differential mode (DM) interference and common
mode (CM) interference in a high-power SWPDT system was
proposed in [20]. Based on the above findings, the feasibility of
SWPDT technology applied in seawater was also explored and
the performance characterization of the system was analyzed
in [21], [22], and [23]. However, the present investigations are
for single transceiver and single receiver systems, and there is
still a research gap for the application of SWPDT technology in
STMR systems.

The multiload application scenario shown in Fig. 1 requires
not only an STMR WPT system to charge the AUV clusters
but also the STMR data channel to accomplish the communica-
tions. An SWPDT topology based on STMR systems has been
proposed in [6], but it is limited in its application in seawater due
to its dependence on the inductive coupling scheme. To extend
the transmission distance of the data channel in seawater, the
SWPDT systems based on a single capacitive coupled scheme
were proposed in [22] and [23]. This is an effective method to
achieve simultaneous STMR wireless power and data transfer
systems in seawater. Therefore, to implement the requirements
of undersea multiload application scenarios, this article proposes
an undersea capacitive coupled simultaneous wireless power
and data transfer (UCC-SWPDT) system based on the single
capacitive coupled principle for multiload applications.

The SCC-WPT system has been implemented in several
works [24], [25], [26], [27]. In this article, the application scope
of the SCC-WPT system is extended, which can construct multi-
ple power channels and bidirectional data channels in seawater.
Also, the UCC-SWPDT system is capable of achieving SWPDT
in multiload application scenarios for submarine environments.
The contributions of this article are summarized as follows.

1) A topology of single transmitter and multiple receivers
system is proposed based on the single capacitive coupling
principle in submerged environments. In contrast to the in-
ductive principle, the proposed UCC-SWPDT system can
charge multiple AUVs in seawater wirelessly at intervals
of tens of centimeters.

2) Multiple bidirectional data transfer channels are con-
structed on the basis of multiple power transfer channels,
which are capable of realizing the bidirectional communi-
cation function between the energy station and the AUV
clusters. The transmission characteristics of the power
channels and the bidirectional data channels are explored
in detail and the crosstalk between them is analyzed.

3) The proposed UCC-SWPDT system has excellent mis-
alignment characteristics and is capable of achieving
stable power output and reliable communication at dif-
ferent vertical transmission distances and horizontal mis-
alignment distances.
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Fig. 2.

Topology of the UCC-SWPDT system.

The rest of this article is organized as follows. In Section II,
the topology of the UCC-SWPDT system is given and the
working principle is outlined. The characterization of the power
channels and the data channels is analyzed in Sections III
and IV, respectively. DM interference and CM interference of
the power channel to the data channel are analyzed in Section V.
The modeling and simulation analysis of the coupling mech-
anism is presented in Section VI, and the parametric design
flow of the UCC-SWPDT system is proposed. In Section VII, a
prototype with a total power output of 200 W and a multiload
data rate of 1 Mb/s is built. The feasibility of the proposed
scheme is demonstrated. Finally, Section VIII concludes this
article.

II. OVERVIEW OF THE SYSTEM

The topology of the UCC-SWPDT system proposed in this
article is shown in Fig. 2. T; is the metal plate at the transmitting
side while T, and T3 are the metal plates at the receiving side,
which form the coupling capacitors C;5, C13, and Cas, respec-
tively. Based on the investigation of [26], the self-capacitance of
the metal plate to the ground is Cy1, Cy2, and Cy3, respectively.
Note that there are only two receiving devices given in Fig. 2 to
simplify the analysis. In fact, the UCC-SWPDT system proposed
in this article is suitable for charging and data transmission of
more than two undersea devices. Theoretical analysis of more
than two devices is also involved in the following sections.

For the power channel, Us is the equivalent high-frequency
power supply, which is composed of an H-bridge inverter. L,, is
the resonant inductance of the transmitter, and Cj, is the resonant
capacitance of the transmitter, while R}, is the internal resistance
of L,. Ci,y is the stray capacitance of the inverter to ground
[23], [26]. At the receiving side, Ly; (i = 1, 2) is the resonant
inductance, and Cy; (i = 1, 2) is the resonant capacitance, while
Rs; (i = 1, 2) is the internal resistance of Lg;. Req; (i = 1, 2)
is the equivalent load of the battery load Ry,; (i = 1, 2) after
impedance transforming by an H-bridge rectifier. Crec; (i = 1,
2) is the stray capacitance of the rectifier to ground [23], [26].

For the data channel, Ug,, is the equivalent power supply for
transmitting data and Rgata acquires the received data voltage
and transfers it to the demodulation circuit for processing. The
direction of data transmission is changed by switch Ks. Ugatas,
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Fig. 3. Equivalent circuit of power channel.

Raata, and K constitute the data transceiver. Cy, is the resonant
capacitance of the data loop at the power transmitting side and
R;s is the internal resistance of the loop. Data is coupled into
the power channel with Ty,. At the power receiving side, data is
coupled into the power channel with 7'.5; (i = 1,2). C,5; (i =1,2)
is the resonant capacitance of the data loop at the power receiving
side, and R,s; (i = 1, 2) is the internal resistance of the loop. Also,
the coupled metal plates are crucial to the UCC-SWPDT system,
which determines the transfer power and efficiency of the power
channel as well as the gain and SNR of the data channel. The
detailed analysis and parameter design procedure will be given
in Section VI.

III. POWER CHANNEL ANALYSIS

The equivalent circuit of the power channel of UCC-SWPDT
is shown in Fig. 3. Cy; (i = 1, 2, 3) is neglected in Fig. 3 because
it is much smaller than the other capacitors in the power channel
at the pF level [24]. Where Z;5, Z,1, and Z,5 are the equivalent
impedance of the power channel to the data channel. Typically,
the power channel operates in the kHz band while the data
channel operates in the MHz band. Cy and C,,; are pF level.
Hence, the data channel has a high impedance feature to the
power channel. Z; and Z,; (i = 1, 2) can be expressed as

{Zts (wp) & jwpLis
eri (wp) ~ jw;DLrsi

D

where w;, = 27f),, f}, is the operating frequency of the power
channel while L;s and L,s; (i = 1, 2) are the winding self-
inductance of T and T,;, respectively.

The equations of the circuit in which 1, and I; are involved
are

(JwpLyp +1/(jowpCp) + Rp) Iy — 1/ (jwpCp) Iy = Us @
(1/(wpCp) +1/(jwpCinv) + Zi + Z7) L1 =1/ (jwpCp) Ip = 0
3
where Zy is the port impedance given by the red arrows.
The resonance condition of the power channel is
woLpCp = wiLC = wyLgyClp = 1. 4)
Combining (4) and (2), I; can be obtained that
I = jwpCyp (Rpl, — Us) = —jw,CpUs. 5)
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Fig. 5. Equivalent circuit of power channel with n receiving devices.

I, presents a constant current -jw, C, U if the usually low Ry, is
neglected. This means that /; is determined by C, and U ;, which
is independent of the load R.4; and the coupling capacitance Cy;
(i,j =1, 2, 3, i#j). To further analyze the characteristics of the
power channel, the impedance is given as follows:

pr si + Reqz + R
prcsz (Reqz + Rsz)
Zfz (wp> — Zri + Zsi + 1/(jwpcreci>7 (Z = 17 2) . (7)

Based on the above derivation, a simplified equivalent circuit
of the power channel is given in Fig. 4. The branch currents in
Fig. 4 can be represented as follows:

Zei (wy) = (i=1,2) (©)

11:12+13:Ij'1 +If2
Iy = Ip1 + Iy
I3 = It — Iy

®)

where I, is the loop current flowing through the coupling
capacitor Co3 of the metal plates Ty and Ts. It can be seen that if
the loop current I, flows through C»3, then the system generates
reactive power on the receiving side, which in turn reduces the
efficiency of the system. In addition, since [1 = I; + I, I atthe
transmitting side flows into Zy; and Zy,, and the loop current /7,
has essentially no effect on the total output power of the system.
However, the presence of I}, means that the electrical bridge in
Fig. 4 is unbalanced, resulting in Ir; # Ig and the output power
of each device at the receiving side is not equal.

Here, assuming that the metal plate at the receiving side and
all load parameters are identical, C1o = Cy3, Zy = Zp. It is
obvious that the electrical bridge in Fig. 4 will be balanced and
Iy, = 0. Furthermore, the equivalent circuit of the system is
shown in Fig. 5 when there are n (n > 2) devices with the same
parameters at the receiving side to be charged. The current /y; at
each receive port can be expressed as

1
=

n=7

Ipj =17 =1y =

_ —jwpCpUs

=1,2,...
n 7(7’ » =

(€))
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Fig. 6. Receiving port equivalent circuit of the power channel.

Then, Fig. 6 shows the receiving port equivalent circuit of
the power channel. The port voltage Uy; (i = 1,2,---,n) can be
expressed as

_CpUs (jprsi + Reqi + Rsz)

Usi =1+75; = 10
! nCsi (Reqi + Rsz) ( )
The output voltage Uy, ; of each receiving port is
Reqi *CpUsReqi
Uouti - Uw = .
prLsi + Reqi + Rsi ncsi (Reqi + Rsz)
(11

Generally, the equivalent load resistance R4, is much larger
than R,; and Uy, can be approximated as
—C,Us

Uowi = (12)

In reality, R.,; on the receiving side are not always equivalent.
Different R.q; leads to I, # 0, which in turn increases the reac-
tive power of the system and reduces the efficiency. Therefore,
it is possible to add the dc—dc circuit for impedance matching in
the receiving side of the practical system to ensure that all R.y;
on the receiving side are the same as far as possible.

From the abovementioned equation, it can be seen that the
output of the power channel has a constant voltage character-
istic independent of the load R.,; and coupled capacitance C1;
(i = 2,3,---, n). The output voltage of each receiving port is
determined by C,, C,;, and the number of ports. This conclusion
is obtained by neglecting R, and Ry;. The conditions for omitting
R, and R,; in Figs. 3 and 6 are

{Zts (wp) + Zf(wp) + 1/(jwpCiny) > Ry (13)
Reqi > Rsi; (7’ = 1) 2) .

Significantly, in contrast to the inductive power transfer sys-
tem, the output voltage of the system proposed in this arti-
cle is approximately independent of the coupled capacitance,
which implies that it has a very well misaligned characteristic.
The detailed characterization of the misalignment is given in
Section VI.

Also, the output power of each receiving port can be expressed
as

C2U2R,

Poi = . 14
T RO (R 1 )’ (1

The port impedance Z; in Fig. 5 can be shown as

Zf (wp) = n/(jwpcli) + anl7 (Z = 17 27 o 7n) . (15)
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Fig. 7. Equivalent circuit of the forward data channel.

Combining (2)—(4) and (15), the input current /,, and trans-
mission efficiency 7, can be obtained

_ AU, e ;
Iy = sl A= Cinu + Cy + i, Cy (20 + Zy)
nPyui _ CpReqi(ARp+jwpLyCliny)

T = T.1, NCZ (Rogit Rat)2 A

(16)

IV. DATA CHANNEL ANALYSIS

The UCC-SWPDT system proposed in this article switches
the data transfer direction by switching Ks. The energy station
sends instructions for all AUVs when the data is transferred in
the forward direction. When data is transferred in the backward
direction, each AUV uploads data to the energy station in a time-
division mode. The forward channel and the backward channel
of data transmission are analyzed separately in the following.

A. Forward Channel

The energy station sends information to all the receivers when
the data is transferred in the forward direction. The equivalent
circuit of the forward data channel is shown in Fig. 7. The
impedance Z, and Z,; (i = 1,2) of the data channel to the power
channel can be represented as

jwsLy + R,
Z $) = : ;
p» (ws) 1 —w?L,Cp+jwsCpR, (17)
Zsi (wé) — jwsLsi + Reqi —+ Rsi (18)

N 1— WELsiCsi + jwscsi (Reqi + Rsz)

where ws = 27fs, fs is the operating frequency of the power
channel.

Fig. 7 can be further equated to the simplified equivalent
circuit shown in Fig. 8. Here, L;s; and L;o are the primary and
secondary self-inductance of the transformer T, respectively,
and My, is the mutual inductance between the primary and
secondary sides. The resonant capacitance C is satisfied as
follows:

W?-Ltscts = Wthslcts = ngtSQCtS =1. (19)
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Fig. 8.  Simplified equivalent circuit of the forward data channel.
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Fig. 9. Receiving port equivalent circuit of the forward data channel.

Typically, the internal resistances R;s can be neglected since
they are relatively low in the circuit. At this point, the current
I5s_§can be obtained as

Udata

Iy p = —2a 20
- stMts ( )

In this case, the analysis of the circuit in Fig. 8 is consistent
with the circuit in Fig. 4. Assuming that the parameters of each
receiving port are equal, the loop circuit I,; = 0 and the branch
current I y; can be represented as

1
Is_fz' = Is_fl = Is_f2 == Is_fn = Elss_f
Udata .
=—-,(=12,... . 21
jwthsn’ (Z 7 3 7n) ( )

Then, Fig. 9 shows the receiving port equivalent circuit of the
forward data channel. Here, L,.s; 1 and L,.s; o are the primary and
secondary self-inductance of the transformer T,.;, respectively,
and M,; is the mutual inductance between the primary and
secondary sides. The resonant capacitance C,; is satisfied as
follows:

WELrsiCrsi = ngrsi_lcrsi - szrsi_QCrsi =1. (22)

Consequently, the voltage U ,; of the sampling resistor Ryata;
can be obtained as
Ui = Jws Mysi Raaai .
Rdatai + Rrsi B
o M, 5; Raatai
N nMys (Rdalai + Rrsi)

fi

Udataa(i = 132)"' an)' (23)

The voltage gain G 4y; for the forward data channel is

Ursi
G =2 -

MV'siRdatai
ths (Rdatai + Rrsi)

(i=1,2,-,n).

(24)
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Fig. 11.  Simplified equivalent circuit of the backward data channel.

B. Backward Channel

The communication system operates in time division multi-
plexing mode while each AUV uploads data to the energy station.
Consequently, there is only one port on the receiving side that is
excited by Ugata, While the other ports are disconnected by Ks.
The equivalent circuit of the backward data channel is presented
in Fig. 10. Like the forward channel, the port impedance of the
backward data channel to the power channel is as follows:

o jwsL,+R
Zp (ws) = 17w§L;C:-£jw:%pRp "
Zsi (ws) — JwsLsi+Reqit+Rsi (Z — 1’ 27 . ’n)

1-w2LsiCsit+jwsCsi(ReqitRsi)’
ij (ws) = m+zsj+Lrsj7(j =2, ,Tl).

(25)

A simplified equivalent circuit of the backward data channel

is shown in Fig. 11, with i = 1, n = 2 as an illustration. Similar

to I pin Fig. 8, I, 3 can be expressed when R, is neglected

as

Udala

. 26
Jws M. (20)

1 ss_b —

In addition, it can be seen that a current It flows across the

impedance Zy; at the receiving port where data is not uploaded.
I + can be represented as

Iss_t - Iss_b - If2 (27)

If n > 2, the presence of a parallel impedance Zg; (j > 3) on Zy»
leads to a larger Iyo, which will further reduce I, ;. Therefore,
this article proposes that the receiving side of the data that has not
been uploaded should be physically separated in the backward
data transmission process to avoid severe degradation of the
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Fig. 12.  Receiving port equivalent circuit of the backward data channel.

data gain. When the receiving side that has not uploaded data is
disconnected, Zp is open and 15 ¢ = L5 3.

Then, Fig. 12 shows the receiving port equivalent circuit of the
backward data channel. The voltage U, of the sampling resistor
Raata can be obtained as

j sM SR ata M sR ata
Uts == Jw%dt]’ss_t - ! dut Udata- (28)
Rdara + Rts Mrsi (Rdata + Rts)
The voltage gain G 4, for the backward data channel is
Uts MsR
Gy (ws) = — S (29)

B Udata B Mrsi (Rdata + Rts) .

It should be noted that although the forward and backward
data gains in (24) and (29) are independent of the coupling
capacitance Cy; (i,j = 1,2, ---, n, i+J), this conclusion is obtained
by neglecting R,.s; and R;s. The conditions for omitting R,.s; and
R;sin Figs. 8 and 11 are

Zy (ws) + 1/ (jwsCinw) + Zsy (ws) > Ry
Zsi (ws) + 1/(jwsc7’eci) + Zsf (Ws) > Rrsi» (Z = 17 27 Tty
(30)

V. CROSSTALK ANALYSIS

When data and power are transmitted simultaneously, the
power channel is a source of interference to the data channel. In
general, there are two main types of interference that can affect
the reliability and stability of the communication system, which
are DM interference and CM interference [20]. DM interference
flows into the data loop through the coupling transformer while
CM interference flows into the data loop through the parasitic
capacitances. The DM interference and CM interference are
analyzed separately in the following.

A. DM Interference

The equivalent circuits of DM interference for the forward
channel and backward channel are shown in Fig. 13(a) and (b),
respectively. In the forward channel, the current /; of the power
channel flows through the coupling transformer 7,4, to generate
the interference voltage Upm_f on Rgatas. In the backward
channel, the current /; of the power channel flows through the
coupling transformer 7, to generate the interference voltage
Upnm_p 0N Rgata. DM noise gain Gpy_y and Gpwm_p can be
presented as

_ Upmys _ w2Cp M,si Raai

Gom_s (wp) = =7, ~ nlwpLreiF1/Gwp Crod) T Rroi Raai]
_ Ubmyp wy Cp My s Raaa

Giom_ (wp) T Us 7 jwpLes+1/(jwpCrs)+Res+Raaa ”

€1V
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Rdata U[)MJ,

Fig. 13.  Equivalent circuit of DM interference. (a) Forward channel. (b)
Backward channel.

The DM SNRpy_rand SNRpy_, can be expressed as

o Uit G ,'1‘,(‘05)
SNRoM_f = TG (o)

_ Udaa 19pLrsi+1/(jwpCrsi)+Rrsi+ Rauai
o s W%Cp]\/jts(Rdami"rRrsi) (32)
SNR. — UauGap(ws)
DM_b UsGowm_b(wp)
_ %ijLf,s+1/(jwpcts)+Rts+Rdum
U w2Cp Mysi(Raaa+Res) :

B. CM Interference

The equivalent circuit of CM interference for all CM currents
path distribution is shown in Fig. 14(a). In this case, all CM
current paths and directions are marked with red dashed lines and
red arrows, which are formed into a complete loop through the
parasitic capacitances of the nodes to earth in the UCC-SWPDT
system. Additionally, the green line highlights the CM currents
of the data circuits at the transmitting and receiving sides. To
facilitate the analysis of CM interference, Rqata and Ryata; are
placed in the same circuit. It should be noted, however, that only
one of them can be available at any given moment.

The equivalent circuits for CM interference in the forward
and backward data channels are presented in Fig. 14(b) and (c),
respectively. In Fig. 14(b) and (c¢), Usa and Ugg is the switching
moment interference voltage generated at nodes A and B in
Fig. 14(a). Cza and C,p are the parasitic capacitances of nodes
A and B to the earth. Cy is the Y capacitance of the dc power
supply Ui,. Cy s and C, s are the interlayer capacitances of
the coupling transformers T, and T,;, respectively. Cy; is the
parasitic capacitance of the data circuit at the transmitting side
to the earth, which is coupled to the earth through the power
supply of the data circuit. Cg, is the parasitic capacitance of
the data circuit at the receiving side to the earth, which has
a similar coupling path to the earth as the transmitting side.
It follows that there will be CM interference Ucy,_f 0N Ryagai
and CM interference Ucp , On Ryata. The parasitic capaci-
tances mentioned above are difficult to be measured accurately
thus Uecry_y and Ucni p are hardly to be analyzed precisely
and quantitatively. In the meantime, the parasitic capacitances
generated by the communication circuits that pass through the
weak power supply to the ground cannot be eliminated. In light
of the aforementioned considerations, Ucn__pand Ucn_ g are
filtered with a highly attenuated band-pass filter (BPF) in this
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Fig. 14. Equivalent circuit of CM interference. (a) All CM currents path
distribution. (b) Equivalent circuit of CM interference for forward channel. (c)
Equivalent circuit of CM interference for backward channel.

article. The properties of the BPF is given in the experimental
section.

C. Interference of High-Order Harmonics on Power and Data
Channel

In the SCC-WPT system, a certain degree of high-order
harmonics exists in the system due to the dispersion of stray
capacitances. Although there is no literature report on the rea-
sons for the generation of high-order harmonics for the time
being, this article analyses the effects of high-order harmonics
on the power channel and the data channel in order to guide the
design of the UCC-SWPDT system.

Unlike inductive power transfer, capacitive power transfer
relies on the voltage between metal plates to form a coupled
electric field for energy transmission. The voltage between the
metal plates is the key to exciting the high frequency electric
field. Although the waveforms in the experiment show that there
are high-order harmonics in the current flowing through the
metal plates, the output power and transmission efficiency of
the power channel are basically consistent with the theoretical
analysis [23]. It can be seen that the high-order harmonics have
a minor impact on the transmission performance of the power
channel.

The interference of high-order harmonics flowing through
the metal plates to the data channel can be classified as DM
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Fig. 15.  Schematic modeling of the coupling mechanism.

interference. Although there is the rich spectrum in the DM
interference, the carrier component of the data channel can be
obtained from the interference using a bandpass filter. There-
fore, DM interference can be easily filtered out. In contrast,
CM interference affects the data channel much more than DM
interference affects the data channel, and it is difficult to be
effectively attenuated by bandpass filter. It is the fundamental
reason for data transmission errors. Although the high-order
harmonics generate DM interference to the data channel, this
can be effectively filtered out. Therefore, the interference gen-
erated by the high-order harmonics to the data channel is very
limited.

In future research, it is crucial to investigate the generation
mechanism of high-order harmonics in the SCC-WPT system,
which will help to explore the system in depth and apply it to
more applications.

VI. COUPLING MECHANISM ANALYSIS AND
PARAMETER DESIGN

The preceding sections have analyzed the UCC-SWPDT sys-
tem from the perspective of equivalent circuits. In addition, the
role of the coupling mechanism in the UCC-SWPDT system is of
particular significance. The subsequent content presents a model
of the coupling mechanism and its associated misalignment
characteristics, as well as a parametric design methodology for
the UCC-SWPDT system.

A. Modeling and Misalignment Characterization

The schematic modeling of the coupling mechanism in sea-
water is shown in Fig. 15. The metal plate T; at the transmitting
side is placed on the upper surface of the power station. Only
an AUV and the metal plate T; (i = 2, 3, ---, n) are given in
Fig. 15 for clarity of the model. It can be observed from (9)
that the coupling capacitances between the metal plates at the
receiving side do not result in loop currents and do not affect
the output power, provided that the parameters of the devices
at the receiving side are consistent. Accordingly, the coupling
characteristics between T; and a receiving-side metal plate T;
are analyzed.

The capacitance between T; and T; is C;,;. The parasitic
capacitances of T and T} to earth are Cy; and Cg;, respectively.
Based on the investigation in [23], C1; > C4y and Cy; > Cg,.
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The major coupling path of the UCC-SWPDT system is con-
structed by Cy,. The schematic modeling of two metal plates
covered by the insulating layer and placed in seawater is shown
in Fig. 16. Typically, seawater has a conductivity of 3-5 S/m and
can be approximated as a good conductor. At this point, there
are three capacitances present in Fig. 16, which are the coupling
capacitance C;; with the two metal plates to seawater through
the insulating layer and the capacitance C,,, between the two
metal plates.

In this case, seawater can be regarded as a floating potential
that connects two C,; in a series. The equivalent circuit for the
capacitance C;; between two metal plates is modeled in Fig. 16.
C; can be expressed as follows:

Cis
2
where C,,,;, can be obtained according to the following equation:

Cij = Cmp + (33)

C o €0Eseawater Sp]ate
mp — D .

Among them, ¢y is the dielectric constant in vacuum, which
has a value of 8.85 x 107!2 F/m. £ cawater is the permittivity
of seawater, which has a value of 81. Spate is the orthogonal
area between the metal plates and D is the transmission distance
between the metal plates. In general, when D is greater than
the size of metal plates, C,,, is at the pF level. Comparatively,
C,s 1s determined by the thickness as well as the permittivity
of the insulating layer and the surface area of the metal plates.
The thickness of the insulating layer is at the pum level if the
insulating layer is made of PE plastic film, then the value of C;,
is at the nF level.

To validate the abovementioned analysis, a finite element
simulation model is built in Fig. 17. The dimensions of T;
are 40 cm X 40 cm x 1 mm and the dimension T; is 40 cm
x 20 ecm x 1 mm. The thickness of the insulation layer is
20 pm. The excitation voltage between the metal plates is
100 V. When D = 30 cm, Ay = 0 cm, Cy; = 4.729 nF; when
D =30 cm, Ay = £40 cm, C;; = 4.713 nF. Correspondingly,
when D = 60 cm, Ay = 0 cm, Cj; = 4.710 nF; when D = 60 cm,
Ay = 40 cm, Cj; = 4.701 nF. The value of C;; is observed to
exhibit minimal fluctuations regardless of misalignment in the
y-direction or alteration in transmission distance. Consequently,
such changes have a minimal impact on the UCC-SWPDT
system. This phenomenon can be attributed to the fact that
the value of C,,, is decreased during misalignment, while the
larger C;s is hardly affected. Consequently, C;; exhibits excellent
antimisalignment characteristics in the misaligned scenario.

(34)

D=60cm, Ay=-40cm
Ci=4.70InF

D=60cm, Ay=0cm
C;i=4.710nF

D=60cm, Ay=40cm
Ci=4.70InF

Fig. 17.  Simulation for the electric field of the metal plate in seawater.
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Fig. 18.  Flowchart of parameters design.

B. Procedure of Parametric Design

The flowchart of parameters design for the UCC-SWPDT
system is shown in Fig. 18. To begin with, given the rated
frequency f,, and f;, the input voltage U, the output power Po;
for each output channel and the equivalent load R ;. Then, given
C, and calculate Cg;, L, and Lg; according to (4) and (12).
The most significant percentage of R, and R; is the internal
resistance of L, and Lg;. The values of R, and Ry, are calculated
by carrying out finite element modeling and simulation of L,, and
L. It is emphasized that a value greater than 100 is chosen in
this article as a condition for (13) and (30). This can be expressed
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as follows:

Zis (wp) + Zy(wp) + 1/ (jwpCiny) > 100R,
Reqi 2 100Rsz

Zp (ws) + 1/ (jwsCinw) + Zsp (ws) > 100Rys
Zsi (WS) + 1/(jwscreci) + Zsy (Ws) > 100R,s;

If the provided value satisfies the criterion of (35), then the
design task for the power channel is complete; otherwise, the
value of Cj, is regiven, and the aforementioned procedure is
repeated. Subsequently, the corresponding parameters of the
data channel are calculated to ascertain whether they satisfy (36)
as well as SNRpy;_yand SNRpy_; are greater than 30 dB. The
data channel comprises a multitude of parameters, which can
be designed and optimized using a multiobjective optimization
algorithm. Once the above conditions have been met, the param-
eter configuration of the data channel is deemed complete.

(35)

(36)

VII. EXPERIMENTAL VERIFICATION
A. Experimental Setup

In this section, a prototype with metal plates placed in sea-
water demonstrates the feasibility of the UCC-SWPDT system
proposed in this article, as shown in Fig. 19. Among them, the
size of the metal plate T; at the transmitting side is 40 cm X
40 cm x 1 mm and the size of the metal plate Ty (T3) at the
receiving side is 40 cm x 20 cm x 1 mm, which is covered with
a polythene material of 20 pm thickness for insulation. The
distance between the transmitting side and the receiving side is
20 cm—60 cm. Ty, T2, and T3 are placed in a tank containing
seawater. The conductivity of seawater is 4 S/m.

The field programmable gate array (FPGA) is XC6SLX16,
which is used in modulation and demodulation for data chan-
nels. G1—G4 are IRFB4020 and the rectifier is composed of
STPS20200C. Some critical components are labeled in Fig. 19.
Since the coupling capacitance of the metal plates in seawater is
at the nF level due to the high dielectric constant of seawater, a
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TABLE I
PARAMETER VALUES OF THE PROTOTYPE

Parameters Values
Uin, Ugaa (V) 72,10
Rui, Rio, Ry, R, Ro (Q) 12,12,0.23,0.24,0.24
Ry, Risi (Q) 12,12
Ly, L1, Ly (uH) 92.1, 100.5, 100.5,
Lis, Lesiy Mis, My (WH) 3.1,3.1,1.5,1.5

Cp, Csl, CsZ, Cinv; Crcci (nF)
Clsa Crsa CIZ, Cl}, C23 (HF)
Tor s

Conductivity of seawater

6.87,6.28,6.28,3.3, 1.5
0.085, 0.085,5.2,5.2,4.6
200 kHz, 10 MHz
4 S/m

‘_I.f;:;‘; | ,-i '/_\"
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Fig. 20.  Operating waveforms of the power channel.

lower operating frequency of 200 kHz is selected for the power
channel rather than the MHz level used in conventional CPT
systems. In addition, lower frequency of the power channel can
cause the size of the compensation inductor to increase dramati-
cally. The data rate is set to 1 Mb/s and the carrier frequency for
the data channel is 10 MHz. Because higher carrier frequencies
will increase the complexity of sampling and data processing.
Also, consistent with the approach in [23], Y capacitances of
the power supply and the electronic load are used as Cj,,, and
Creci (i = 1, 2) in the channel. The parameters of the prototype
are listed in Table I.

B. Power Transfer

The operating waveforms of the power channel are shown
in Fig. 20. The phase of U, and I, is identical, and I, is
slightly inductive to achieve the zero voltage switching state.
Given that the parameters of the channels in which T and
T3 are located are identical, the amplitude and phase of I
and /3 are also identical. This indicates that there is no loop
current in capacitor Cy3 between the two metal plates at the
receiving side. It is consistent with the theoretical analysis in
Section III. Nevertheless, it should be noted that /5 and I3
contain the larger third and fifth harmonics. The current research
results do not provide a reasonable explanation of the harmonic
generation principle. Consequently, further research is recom-
mended to gain a more profound insight into the underlying
mechanisms.

Fig. 21 presents the performance statistics of the power chan-
nel. When the load resistance R, is increased from 12 €2 to 20 €2,
the output voltages of the channels where T, and T3 are located
are basically equal and approximately show constant voltage
characteristics. Meanwhile, the output power of the channel
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Fig. 21.  Output statistics of the power channel.

where T5 and T3 are located is maintained at about 100 W when
the transmission distance D is increased from 20 cm to 60 cm.
The above experimental results demonstrate the correctness of
(12) and the highly excellent anti-misalignment characteristics
of the proposed system.

The data in Fig. 21 presents the efficiency measurements of
the UCC-SWPDT system, which refers to the efficiency of the
transmission from the transmitting side dc to the receiving side
dc. When Ry, is 12 €, the output power of the channel where
Ty is located is 100.86 W, and the output power of the channel
where Tj is located is 101.18 W. The total output power of the
system is 202.04 W, and the transfer efficiency is 71.271%.

C. Data Transfer

The operating waveforms of the data channels are presented
in Fig. 22. In this article, modulation and demodulation of
the data channel are implemented with differential phase shift
keying (DPSK) scheme. The DPSK modulated waveforms for
the forward data channel are shown in Fig. 22(a). A frame of
serial data “01011010” represents the data TX; to be sent in the
forward data channel of the FPGA. Ujgat, is the high-frequency
modulated signal output from the power amplifier. U,s; and
U, 2 are the received signals obtained on the sampling resistors
Riata1 and Ryata2, whose amplitudes are in accordance with the
theoretical derivation of (23).

The demodulated waveforms for the forward data channel
are given in Fig. 22(b). RX; and RX, are the two demodulated
data at the receiving sides, respectively, which correspond to the
transmit data TXy and have a certain delay. The delay between
RXy; and RX5 is due to the use of two incompletely identical
FPGA.

Fig. 22(c) shows the operating waveforms of the backward
data channel. TX, is the data to be sent from the backward data
channel and U 4,4, is the modulated signal output from the power
amplifier. Uiy is the signal collected on the resistance Rq.¢, and
RX, is the data obtained after demodulation by the FPGA at the
transmitting side. The above experimental results demonstrate
that the proposed UCC-SWPDT system is capable of forward
multiload data transmission as well as backward data upload.
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Fig. 22.  Operating waveforms of the data channel. (a) Modulated waveforms
of the forward data channel. (b) Demodulated waveforms of the forward data
channel. (c) Operating waveforms of the backward data channel.

D. Simultaneous Power and Data Transfer

Fig. 23 shows the operating waveforms while power and
data are transferred synchronously. The demodulated waveforms
when the power is transmitted synchronously with the data in
the forward direction are shown in Fig. 23(a). At this point,
the amplitude of Ug is 72 V and the power transmitted in the
channels where T and T3 are located is 100.86 W and 101.18 W,
respectively, as shown in Fig. 21. Both output channels are
capable of successfully demodulating baseband data from the
transmitting side. The data rate is up to 1 Mb/s.

The sampled waveforms for forward data transmission are
shown in Fig. 23(b). U,s; is the waveform ON Rga.ta1 and
Urs1_vpy 1s the waveform after being filtered by the BPF. The
center frequency of BPF is 10 MHz and bandwidth Bgjie, 1S
800kHz, as shown in Fig. 24. Based on the analysis in Section V,
it appears that U, is interfering with DM noise and CM noise.
DM interference is mainly dominated by a frequency of 200 kHz,
which is the operating frequency f;, of the power channel. The
CM interference is determined by the parasitic parameters shown
in Fig. 14, which have a wide range of frequencies. The spectrum
of U1 and Uyg1_ppris shown in Fig. 23(c). As can be seen from
the places marked in the red dotted line, after BPF, both DM and
CM interferences within 0.2 MHz—10 MHz are well filtered out.
Fig. 23(d) displays the modulation and demodulation waveforms
during backward data transmission. Compared to the forward
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channel, because Rg,¢, is closer to the inverter, the voltage Uy
on Rga.t, has more interference compared to U,s; and U 5.

The bit error rate (BER) of the data shown in Fig. 25 is
counted to more clearly assess the impact of interference on
communications. Overall, BER is less than 1e-4 for both forward
and backward data channels when D is increased from 20 cm to
60 cm, indicating that the communication link proposed in this
article has good reliability as well as excellent antimisalignment
performance. Furthermore, the BER of the backward data chan-
nel is slightly higher than the BER of the forward data channels,
due to the fact that the inverter generates more DM and CM
interference at the transmitting side.

E. Power Loss Analysis

To investigate the power loss distribution of the UCC-SWPDT
system, this article measured the power loss percentage of each
circuitin the system with the power analyzer, as shown in Fig. 26.
Because the parameters of the two receiving sides are set to be the
same in this article, the losses of the compensation circuits and
the rectifiers at the receiving side account for an equal proportion
of the total losses, which are 7.5% (6.1 W) and 10% (8.1 W),
respectively. The loss of the inverter at the transmitting side is
22% (17.9 W) of the total loss. The largest proportion of losses
is in the compensation circuit at the transmitting side, up to 40%
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TABLE II
COMPARISON WITH PREVIOUS WORK
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Reference Coupling mechanism Output Transfer Data rate Tran‘sfer Number
power distance (Forward/Backward) medium of load
[4]@2023 Coil taps (inductive) 518 W 3 cm 500 kb/s and 700 kb/s Seawater 1
[6]@2023 Coil (inductive) N/A N/A 1.25 Mb/s and N/A Air 2
[11]@2023 Coil (inductive) 936 W N/A 8.5 kb/s and 8.5 kb/s Seawater 1
[18]@2022 Coil (inductive) 500 W 3 cm 600 kb/s and 600 kb/s Air 1
[19]@2024 Metal plate (capacitive) 460W 20 cm N/A and 19.2 kb/s Air 1
[20]@2024 Coil (inductive) 3.3kW N/A N/A and 115.2 kb/s Air 1
[21]@2024 Coil taps (inductive) 1.1 kW 6 cm 2 Mb/s and 2 Mb/s Seawater 1
[23]@2024 Metal plate (capacitive) 300 W Im 500 kb/s and 500 kb/s Seawater 1
Proposed Metal plate (capacitive) 200 W 20~60 cm 1 Mb/s and 1 Mb/s Seawater =2

N/A refers to the fact that the item is not available in the references.

(32.6 W). This is attributed to the high internal resistance of the
inductor for primary side compensation, which poses a challenge
to its heat dissipation.

F. Discussion

A comprehensive comparison of the UCC-SWPDT system
with previous work is shown in Table II. The previous research
primarily concentrated on examining a single load, which lim-
ited the applicability of the findings to more complex scenarios.
In contrast, the research presented in this article extends its
focus to encompass multiload scenarios, thereby broadening
the scope and relevance of the investigation. The UCC-SWPDT
system proposed herein offers distinct advantages when evalu-
ated against key performance criteria. Specifically, it demon-
strates improved transmission distance, enhanced communi-
cation rates, and greater capacity for handling multiple loads
simultaneously. These advantages indicate that the proposed sys-
tem is well-suited for practical applications involving multiple
loads, extending the range of applications of SWPDT systems
compared to previous researches.

VIII. CONCLUSION

This article presents a UCC-SWPDT system that can be
applied in submerged multiload scenarios. The power and data
channels of the system are modeled and analyzed in detail.
Meanwhile, the modeling of the coupling mechanism and the
parameter design flow are shown. Finally, a prototype with a
total output power of 200 W and a bidirectional data rate of
1 Mb/s demonstrates the practicability of the system in sub-
merged multiload scenarios. Future investigations will attempt
to improve the power and data rate of the system.
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