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Abstract
Due to seawater's high conductivity and dielectric constant, the traditional pure inductance model used in air cannot accurately describe the coil model in

seawater wireless power transfer (SWPT). Therefore, this paper proposes a two-port model for SWPT in seawater, considering the inter-turn capacitance and

stray capacitance induced by dielectric properties. The input impedance magnitude of the pure inductance model and the model considering inter-turn and

stray capacitance in both air and seawater were analyzed to demonstrate the influence of the dielectric constant on the system's operating frequency. A

system model based on the SS topology was established, and the system's resonant frequency was analyzed. Due to the dielectric constant influence, the

SWPT system's actual frequency shifts, with higher system frequencies being more significantly affected. Therefore, when designing high-frequency SWPT

systems,  seawater's  high  dielectric  constant  and  conductivity  must  be  considered  to  achieve  optimal  operating  frequency  and  maximum  transmission

efficiency. An SWPT prototype was developed, and experimental results confirmed the theoretical analysis.
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Introduction

Seawater Wireless Power Transfer (SWPT) systems are essential for
powering  underwater  devices.  They  overcome  the  limitations  of
traditional  power  supply  methods  while  enhancing  flexibility  and
safety[1].  The  current  research  focuses  on  coil  structure  design  to
enhance  system  transmission  efficiency[2],  reduce  electromagnetic
field leakage[3], improve anti-offset characteristics to counter irregu-
lar  current  interference[4],  and  address  the  challenge  of  simultane-
ous energy and information transmission in seawater[5].

Seawater's  high  electrical  conductivity  and  dielectric  constant
introduce  parasitic  resistance  and  capacitance  in  a  seawater  envi-
ronment.  Parasitic  resistance  causes  phase  shifts  between  the
primary and secondary coils, reducing transmission efficiency. Addi-
tionally,  parasitic  capacitance  can  interact  with  the  coils  to  create
resonance,  potentially  disrupting  the  system's  intended  resonance
state[6,7].

Neglecting the effects of eddy current losses when designing SWPT
systems can result in unpredictable reductions in system efficiency. To
address  this,  Z-parameters  can  be  used  to  effectively  model  the
system, enabling accurate predictions of eddy current losses through
a  simplified  circuit[8].  Eddy  current  losses  cause  phase  changes
between  the  primary  and  secondary  coils.  A  compensating  inductor
can  be  added  to  the  primary  circuit  to  maintain  consistent  phase
angles between these coils in seawater and air environments[9].

Additionally, eddy current losses lead to extra energy dissipation,
which  can  be  mitigated  by  modifying  the  system  structure  and
lowering  the  operating  frequency,  thus  improving  efficiency  and
stability.  A  three-coil  structure  is  proposed,  which  reduces  eddy
current  losses  by  nearly  half  compared  to  traditional  two-coil
systems  while  increasing  transmission  efficiency  by  approximately
10%[10].  Eddy  current  losses  rise  significantly  as  the  transmission
distance  and  system  frequency  increase.  Lowering  the  operating
frequency in long-distance SWPT systems is advisable to ensure effi-
cient and stable power transmission[11].

Previous papers on SWPT systems modeling typically consider the
effects of conductivity by incorporating parasitic resistance into the
circuit.  However,  few studies  have accounted for  the impact  of  the
dielectric  constant.  A  transmission method based on single  capaci-
tance  coupling  considers  parasitic  capacitance  between  coils  and
the  ground.  This  approach  significantly  extends  communication
distance and enables full-duplex communication at 1 Mb/s without
additional  structures[12].  However,  this  approach,  proposed  for
signal transmission, does not analyze the impact of parasitic capaci-
tance  caused  by  the  dielectric  constant.  In  the  UWPT  systems,  a
potential difference exists between the primary and secondary coils,
thereby  giving  rise  to  distributed  capacitance  effects.  Such  capaci-
tance impacts the topology structure of UWPT systems to a certain
extent[13].  At  low  frequencies,  the  large  reactance  of  the  bridging
capacitance acts as an open circuit, allowing the dielectric constant
to  be  neglected.  However,  as  frequency  increases,  this  capacitance
resonates with the coil inductance, impacting the system. Currently,
there  is  no  comprehensive  equivalent  model  for  SWPT  that  simul-
taneously  considers  the  effects  of  both  parasitic  capacitance  and
parasitic resistance.

This  paper  presents  the  development  of  the  SWPT  system,
proposing  a  dual-port  model  that  accounts  for  stray  capacitance
and  parasitic  capacitance  in  seawater,  along  with  an  equivalent
circuit  model  based  on  SS  topology.  This  model  more  accurately
reflects the actual conditions in seawater. After validating the model
through  finite  element  analysis,  the  system's  resonant  frequency
was optimized based on this model. Finally, prototype experiments
confirmed the correctness of the theoretical analysis. 

Circuit model of WPT system
 

Model of the two-port network in seawater
The  mutual  inductance  model  traditionally  used  for  air  environ-

ments  does  not  accurately  capture  the  conditions  in  seawater.
Seawater's  high  electrical  conductivity  results  in  additional  energy
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losses,  while  its  high  dielectric  constant  significantly  increases  the
inter-turn  capacitance  and  stray  capacitance  between  coils,  creat-
ing much greater differences than air. Therefore, when modeling in
a seawater environment, it is crucial to consider the effects of these
capacitances and resistances to ensure the model's accuracy.

The traditional two-port WPT model is shown in Fig. 1a, where U1

and U2 represent  the  AC  voltages  of  the  inverter  and  rectifier,
respectively.  While I1 and I2 denote  the  system's  input  and  output
currents. L1 and L2 correspond to the self-inductances of the primary
and  secondary  coils  in  air,  and  Mair  represents  the  mutual  induc-
tance  in  air. RL1 and RL2 are  the  internal  resistances  of  the  primary
and  secondary  coils.  When  the  load  resistance  at  the  output  is
RL,  the  input  impedance  of  the  traditional  WPT  system  is  given  by
Wang et al.[14]:

Zin = jωL1+RL1+
ω2M2

jωL2+RL2+RL
(1)

The two-port model that considers parasitic capacitance is shown
in Fig.  1b Compared  to Fig.  1a,  it  includes  the  stray  capacitance
Ce between the two coils, where Ce is derived from the series combi-
nation  of  the  air-water-air  capacitances[15],  as  well  as  the  capaci-
tances Cwater1 and Cwater2 formed  between  the  primary  and
secondary  coils  and  seawater.  At  this  point,  the  resistances R1 and
R2 represent the sum of the internal coil resistances RL1 and RL2, and
the  eddy  current  loss  resistances  in  seawater Reddy1 and Reddy2

[16],
where R1 = RL1 + Reddy1 and R2 = RL2 + Reddy2. The coils also have inter-
turn  capacitances Cgap1 and Cgap2.  However,  the  model  in Fig.  1b is
overly  complex,  and  some  capacitances  cannot  be  directly
measured.  Therefore,  the  model  has  been  simplified,  as  shown  in
Fig.  1c.  In this  simplified model,  the coil  inductances La and Lb take
into  account  the  inter-turn  capacitances  of  the  coils,  which  can  be
directly  measured  using  a  digital  bridge. La = L1 /  (1 − ω2 L1Cgap1),
Lb = L2 / (1 − ω2 L2Cgap2). The equivalent capacitance C1 is defined as
the  series  combination  of  the  stray  capacitance  and  the  capaci-
tances  to  seawater,  which  is  expressed  as  1  /  (1/ Ce +  1/Cwater1 +
1/Cwater2),  and  to  simplify  further  calculations, C1 is  split  into  two
parallel capacitors of 2C1. C1, obtained through direct measurement
using  a  digital  bridge,  fully  reflects  the  temperature  characteristics
and salinity effects in the actual environment. The proposed model

demonstrates  excellent  adaptability  under  both  low-temperature
and high-salinity conditions.

The  impedance  model  for  a  pure  mutual  inductance  network  in
seawater is:

Zwater =

[
jωLa jωM
jωM jωLb

]
(2)

Convert impedance matrix to admittance matrix Ywater:

Ywater =


− jLb

(LaLb−M2)ω
jM

(LaLb−M2)ω
jM

(LaLb−M2)ω
− jLa

(LaLb−M2)ω

 (3)

The admittance matrix for the equivalent capacitance network is:

YC =

[
jωC1 − jωC1
− jωC1 jωC1

]
(4)

Overlay Eqns (3) and (4):

Y = Ywater +Yc (5)
Convert Eqn (5) into a transmission matrix T:

T =



(−LaLb+M2)C1ω
2+La

(−LaLb+M2)C1ω2+M
− 1

jM
ω(LaLb−M2)

− jωC1

j(−1−2(M− La

2
− Lb

2
)C1ω

2)

((−LaLb+M2)C1ω2+M)ω
(−LaLb+M2)C1ω

2+Lb

(−LaLb+M2)C1ω2+M


(6)

Write  the transmission matrix Ta, Tb for  the internal  resistance R1

and R2 columns of the primary and secondary coils:

Ta =

[
1 R1
0 1

]
,Tb =

[
1 R2
0 1

]
(7)

Regarding the transmission matrix T, Ta and Tb are cascaded:

Tin1 = TaTTb =
Aω−2 jR1Bω2+Laω− jR1

(A+M)ω
A(R1+R2)ω+ j(−2R1BR2−M2+LaLb)ω2+(LaR2+LbR1)ω− jR1R2

(A+M)ω

j(−1−2Bω2)
(A+M)ω

C1Aω−2 jR2Bω2+Lbω− jR2

(A+M)ω


(8)

where, A = (− La Lb + M2) C1 ω2, B = (M − La / 2 − Lb / 2) C1.
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Fig.  1    Two-port  models  of  WPT  system.  (a)  Traditional  mutual  inductance  model.  (b)  Model  considering  parasitic  capacitance.  (c)  Simplified  model
considering parasitic capacitance.
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The  output  load  resistance  is  set  to RL and U2 = −I2RL,  the  input
impedance in Zin1 is:

Zin1 = −
Tin1[1,1]RL +Tin1[1,2]
Tin1[2,1]RL +Tin1[2,2]

=

−jAω(R1+R2+RL)+(−2R1(R2+RL)B−M2+LaLb)ω2− j(LbR1+La(R2+RL))ω−R1(R2+RL)
jωA+2(R2+RL)Bω2+ jωLb+R2+RL

(9)
 

Modeling of SWPT with S-S topology
The  circuit  should  add  compensation  capacitors  to  improve  the

system's transmission capacity and power factor. This paper chooses
the  SS  topology  with  a  simple  structure  and  good  load
adaptability[17].  As shown in Fig.  2, Ca and Cb are the compensation
capacitors for the primary and secondary sides, R1 = Reddy1 + RL1, and
R2 = Reddy2 + RL2.

The transmission matrix T is shown in Eqn (6), Write the transmis-
sion matrices T1 and T2 for the original  secondary edge compensa-
tion network column.

T1 =

[
1 R1+1/ jωCa

0 1

]
,T2 =

[
1 R2+1/ jωCb

0 1

]
(10)

Cascade T, T1, T2：

Tin2 = T1TT2 (11)
The input impedance of this model can be expressed as:

Zin2 =
Tin2(1,1)RL +Tin2(1,2)
Tin2(2,1)RL +Tin2(1,2)

(12)

When  the  imaginary  part  of  the  input  impedance  reaches  zero,
the system achieves a zero-phase angle (ZPA), further improving its
efficiency.  At  this  point,  considering  the  stray  capacitance,  the
system's resonant frequency can also be derived. By substituting the
various parameters of the system into this equation, the actual oper-
ating  frequency  of  the  SWPT  system  considering  parasitic  capaci-
tance can be obtained:

−4−aω8−bω6− cω4−dω2 = 0 (13)
where, the expanded formulas for a, b, c, and d are as follows:

a =((CaR2
2−2CaR2RL +CaR2

L −Lb)La+Ca(−RL +R2)2Lb

+ (M−2Ca(−RL +R2)2)M)Cb+Ca(−LaLb+M2))C1

+2(−LaLb+M2)CaCb)Cb(−LaLb+M2)C1

b =2(−2(−RL +R2)2(M−La/2−Lb/2)C2
b + (−2LaLb+2M2)Cb

+Ca(−LaLb+M2))(M−La/2−Lb/2)C2
1

+4Cb((−Ca(−RL +R2)2L2
a/2+ (L2

b −Ca(−RL +R2)2Lb

+MCa(−RL +R2)2)La+ ((−2Lb+Ca(−RL +R2)2)M2)/2)Cb

+Ca(M−La−Lb)(−LaLb+M2))C1−4CaC2
bLb(−LaLb+M2)

c =−4(M−La/2−Lb/2)2C2
1 + (−8(−RL +R2)2(M−La/2−Lb/2)C2

b

+ (−8LaLb−4L2
b +8LbM+4M2)Cb+2Ca(−L2

a + (2M−2Lb)La

+M2))C1+4Cb((Ca(−RL +R2)2La−L2
b)Cb+Ca(−2LaLb+M2))

d =− (−8M+4La+4Lb)C1−4(−RL +R2)2C2
b +8CbLb+4CaLa

(14)
This  paper  focuses  on  the  SS  topology,  deriving  the  SWPT

system's  actual  operating  frequency  while  accounting  for  parasitic
capacitance  effects.  The  proposed  methodology  is  equally  applica-
ble to other compensation topologies,  with the primary distinction
being the variation in the transmission matrix Tin. 

Calculation, simulation, and experiment

An  SWPT  model  was  developed  to  verify  the  impact  of  stray
capacitance  on  the  SWPT  system,  and  the  system  parameters  are

shown  in Table  1.  A  low  frequency  and  a  high  frequency  were
selected  to  verify  the  impact  of  stray  capacitance  on  the  SWPT
system.  The  measured  inductance  values La and Lb differ  signifi-
cantly at 100 and 700 kHz because, at high frequencies, the interac-
tion  between  distributed  capacitance  and  inductance  leads  to  a
notable increase in the equivalent capacitance value. 

Influence of parasitic capacitance
First,  the  inter-turn  capacitance  and  the  stray  capacitance  sizes

were  studied.  The  inter-turn  capacitance Cgap and  the  stray  capaci-
tance C1 between  the  coils  was  measured  using  a  vector  network
analyzer  and  a  digital  bridge.  As  shown  in Fig.  3a,  the  variation  of
the  inter-turn  capacitance  with  different  numbers  of  turns  was
analyzed in both air and seawater environments. Although the coils
were  placed  inside  an  air  shell,  the  entire  setup  was  submerged  in
seawater,  resulting  in  slightly  higher  inter-turn  capacitance  in
seawater than in air.  Despite some fluctuations in the curve due to
measurement  noise,  the  inter-turn  capacitance  increased  with  the
number of turns in both seawater and air. As depicted in Fig. 3b, the
stray  capacitance C1 in  air  rapidly  decreased  as  the  distance
between  the  coils  increased,  whereas,  in  seawater, C1 remained
nearly  constant  with  increasing  distance.  It  is  worth  noting  that
when the coil undergoes lateral displacement, the stray capacitance
value  remains  relatively  stable  and  does  not  show  significant
displacement distance dependence.  Moreover, C1 increased signifi-
cantly with the number of turns in both air and seawater.

Using the capacitance values measured in Fig. 3, we analyzed the
input impedance variations for a pure mutual inductance model and
a  model  that  includes  inter-turn  and  stray  capacitances  in  air  and
seawater.  As  shown  in Fig.  4a,  the  three  curves  overlap  at  low
frequencies,  indicating a  minimal  capacitance effect,  and the tradi-
tional  mutual  inductance  model  accurately  captures  the  system's
characteristics.  However,  as  the  frequency  increases,  the  effect  of
capacitance becomes more pronounced, leading to resonance with
the  coil  and  causing  rapid  fluctuations  in  the  input  impedance
magnitude.  In  seawater,  the  input  impedance  is  affected  at  lower
frequencies,  while  in  air,  the  capacitance  impact  occurs  at  higher
frequencies.  Therefore,  in  air,  the  effect  of  capacitance  can  be
ignored,  allowing  the  use  of  the  traditional  mutual  inductance
model.  In  contrast,  after  selecting  the  operating  frequency  in  sea-
water,  the  capacitance  must  be  measured  to  determine  its  impact
and  whether  a  more  precise  model  incorporating  capacitance  is
necessary.

We also analyzed the frequency response of the input impedance
magnitude  at  different  distances,  as  shown  in Fig.  4b.  The  curves
show minimal variation, indicating that the frequency points where
input impedance changes remain largely constant despite distance
variations.  This  implies  that  adjusting  the  distance  between  coils
does  not  effectively  reduce  the  impact  of  stray  capacitance  in  a
seawater environment. 

Optimization of resonant frequency
To verify the impact of stray capacitance on the SWPT system, we

performed simulation analysis in LT-spice at both a lower frequency
and a higher frequency.

After  determining  the  coil  structure,  the  capacitance  at  100  kHz
can be calculated using the resonance frequency formula for the SS
topology[18].  By  substituting  the  parameters  from Table  1 into  Eqn
(13), it is confirmed that the resonance frequency remains 100 kHz in
a  seawater  environment.  Based  on  the  parameters  from Table  1,  a
simulation analysis is then conducted.

With  the  input  voltage  set  to  100  V,  as  shown  in Fig.  5a,  the
system  reaches  resonance  at  100  kHz.  The  resonance  condition
remains  unchanged  after  introducing  stray  capacitance  into  the
system,  as  depicted  in Fig.  5b.  This  demonstrates  that  the  stray
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capacitance  does  not  affect  the  system's  resonance  at  low  fre-
quencies.  The  simulation  results  are  in  close  agreement  with  the
calculated values.

The system's resonant frequency in air is adjusted to 700 kHz, and
the corresponding resonant capacitance is  calculated.  By substitut-
ing the parameters into Eqn (13),  the resonant frequency in seawa-
ter is determined to be 689 kHz.

In Fig.  6a,  the  system  in  the  air  reaches  resonance  at  700  kHz.
After  introducing  stray  capacitance  into  the  circuit,  as  shown  in
Fig.  6b,  the  system  deviates  significantly  from  resonance,  and  the
current  value  also  changes.  To  restore  resonance,  the  operating
frequency must  be adjusted.  As depicted in the Fig.  6c,  the system
regains  resonance at  683 kHz.  The simulated and calculated values
are  consistent.  Thus,  at  higher  frequencies,  the  capacitance caused
by the dielectric constant significantly affects the system's resonant
frequency. 
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Fig. 2    Modeling of SWPT with S-S topology.

 

Table 1.    System parameters.

Note Symbol Value

Primary/secondary inductance La/Lb 100 k 233.2 μH / 229.5 μH
700 k 490.5 μH / 461 μH

Coupling coefficient kps 100 k 0.0443
700 k 0.0449

Resonant capacitor Ca/Cb 100 k 5.5 nF / 5.16 nF
700 k 112 pF / 105 pF

Litz wire standard 0.1 × 550
Litz wire diameter 4 mm
Number of turns N1/N2 14
Coil diameter d1 200 mm
Seawater region 500 mm × 270 mm × 300 mm
Gap d 100 mm
Operating frequency f 100 kHz / 700 kHz
Conductivity of seawater σ 4 S/m
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Fig. 3    Measurement results in air and seawater. (a) Using a vector analyzer to measure Cgap as a function of turns N. (b) Using a digital bridge to measure
C1 as a function of distance d between coils.
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Experimentation result
To  validate  the  theoretical  analysis,  a  seawater  experimental

prototype  was  developed,  as  shown  in Fig.  7.  The  transmitter  and
receiver coils consist of three layers of flat square spiral coils, with a
4  mm  radius  Litz  wire  wound  in  14  turns.  The  Litz  wire  comprises
550 strands of 0.1 mm diameter enameled wire. AC power modula-
tion is achieved using a wide-bandgap silicon carbide (SiC) MOSFET
(IMZ120R045M1)  and a  SiC diode (IDW40G120C5B).  The conductiv-
ity of the seawater is adjusted to 4 S/m.

In the low-frequency air environment, the system achieved stable
resonance at the theoretical resonant frequency of 100 kHz, with the
measured  results  fully  consistent  with  the  calculated  values,  as
shown in Fig.  8a.  After  immersing the device in seawater as shown
in the Fig. 8b, despite the introduction of stray capacitance from the
seawater  medium,  the  resonant  frequency  remained  at  100  kHz
without significant deviation. The experimental results indicate that

in  low-frequency  conditions,  the  influence  of  stray  capacitance  on
the resonant frequency can be neglected.

Figure 9a illustrates the transmission efficiency and power of the
system at a frequency of 100 kHz in both air and seawater environ-
ments.  Due  to  the  higher  conductivity  of  seawater,  eddy  current
losses are generated in the system, resulting in slightly lower trans-
mission  efficiency  in  seawater  compared  to  that  in  air. Figure  9b
further  compares  the  transmission  efficiency  and  power  in  air  at
700  kHz,  seawater  at  700  kHz,  and  seawater  at  688  kHz.  At  high
frequencies,  the influence of  stray capacitance causes a  shift  in  the
system's  resonant  state,  leading  to  significantly  lower  transmission
efficiency  and  power  at  700  kHz  compared  to  that  at  688  kHz.  By
adjusting  the  resonant  frequency  to  688  kHz,  the  system  can  still
achieve  a  resonant  state  and  maintain  normal  power  transmission,
although its efficiency is slightly lower than that in air. Additionally,
factors  such  as  increased  coil  resistance  at  high  frequencies  also
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contribute  to  a  slight  decrease  in  transmission  efficiency  in  air  at
700 kHz.

Figure  10a illustrates  the  transmission  efficiency  and  power  of
the system in both air and seawater environments at a frequency of
100  kHz.  Due  to  the  higher  conductivity  of  seawater,  eddy  current
losses  are  induced  in  the  system,  resulting  in  a  slightly  lower

transmission  efficiency  in  seawater  compared  to  that  in  air. Figure
10b compares  the  transmission  efficiency  and  power  in  air  at  700
kHz with those in seawater at 688 kHz. At high frequencies, the influ-
ence  of  stray  capacitance  causes  a  shift  in  the  system's  resonant
state. Therefore, by adjusting the resonant frequency to 689 kHz, the
system can still achieve a resonant state and maintain normal power
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transmission.  However,  the  efficiency  is  slightly  lower  than  that  in
air.  Additionally,  factors  such  as  increased  coil  resistance  at  high
frequencies lead to a slight decrease in transmission efficiency in air
at 700 kHz.

To  more  clearly  present  the  experimental  results,  we  have  orga-
nized the key data in Table 2, facilitating an intuitive comparison of
the changes in the system's resonant frequency.

It  is  recommended  that  the  model  proposed  in  this  paper  be
adopted  for  system  design  for  the  requirements  of  high-frequency
application  scenarios.  By  considering  the  distribution  of  parasitic
parameters  under  actual  operating  conditions,  this  model  effec-
tively  enhances  the  computational  accuracy  of  resonant  networks
and  improves  system  stability,  whose  operational  feasibility  has
been experimentally verified. 

Conclusions

This  paper  presents  the  modeling  and  analysis  of  eddy  current
losses,  stray  capacitance  due  to  high  dielectric  constants,  and
inter-turn  capacitance  in  an  SWPT  system.  The  input  impedance
expression is  derived using a  two-port  network model  in  seawater,
accounting  for  inter-turn  and  bridging  capacitances  at  any  fre-
quency.  Impedance  characteristics  across  different  frequencies  are
analyzed for a pure mutual  inductance model and one considering
stray  capacitance  in  air  and  seawater.  Based  on  the  equivalent
model  under  the  SS  topology,  the  system's  resonant  frequency  is
derived with the inclusion of stray capacitance. The results demon-
strate  that,  in  a  high-frequency  seawater  environment,  the  tradi-
tional pure mutual inductance model fails to represent the system's
actual  behavior  accurately.  By  incorporating  the  effects  of  stray
capacitance,  the  system's  resonant  frequency  can  be  properly
corrected. 
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