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Abstract: In recent years, wireless power transmission (WPT) technology based on magnetic reso-
nance has been extensively studied. However, in contrast to that in the air, wireless power trans-
mission in seawater medium will be accompanied by inevitable energy loss, that is, eddy current
loss (ECL), which will increase with the frequency and coil current. In this article, an equivalent
circuit model of the eddy current loss of underwater wireless power transmission is established, two
methods to reduce the eddy current loss are proposed, and the optimal modulus ratio for the coil
current of the dual-coil wireless power transmission system to reduce eddy current loss is calculated.
Electromagnetic field (EMF) simulation software verifies the correctness of the two methods, and it
is concluded that increasing the phase difference of the coil current or controlling the coil current
ratio to ensure that the optimal modulus ratio is in a certain range can reduce the eddy current loss
effectively and improve the energy transmission efficiency of the system by about 4~5%.

Keywords: wireless power transmission (WPT); current control; eddy current loss (ECL); electromag-
netic field (EMF)

1. Introduction

Wireless power transmission (WPT) technology through magnetic resonant has been
widely studied in recent years because of the number of advantages it has compared with
traditional power delivery, such as the convenience of its nonphysical connection between
the power supply and the load [1–4]. Especially in the underwater environment, WPT
technology solves the problem of wet plugging and the unplugging of underwater energy
supply and provides a safer method for the rapid charging of autonomous underwater
vehicles (AUVs) [5–8] and unmanned underwater vehicles (UUVs). Therefore, in view of the
widespread application of underwater WPT technology, it is of great research significance
to improve its energy transmission efficiency.

The WPT system in the air uses one or more pairs of induction coils. The alternating
current (AC) of the primary-side coil generates the induced alternating current (AC) in
the coupled secondary-side coil, and then the direct current (DC) is generated through
rectification to complete the power supply to the equipment. The process of underwater
WPT is similar to that in the air, but the medium in the transmission area changes from air
to seawater. Therefore, the coupling characteristics between the coils have changed, and
the changed magnetic field will generate eddy current in the seawater, which brings new
energy loss, namely, eddy current loss. Shi et al. [9] analyzed various losses in underwater
WPT systems, including copper loss, semiconductor loss, core loss, and eddy current loss
by using circuit analysis and electromagnetic field (EMF) simulation. This article studies
the method of reducing eddy current loss to improve the energy transmission efficiency of
underwater WPT systems.
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In order to reduce the eddy current loss of underwater WPT systems, several re-
searchers have studied it. Zhang et al. [10] analyzed some factors that affect the eddy
current loss of underwater charging systems, and used EMF simulation software to opti-
mize the number of coil turns on the primary side and the secondary side and the frequency
of the AC source, thereby reducing the eddy current loss, and also designed experiments
to verify optimization results. Zhang et al. [11] presented a new coil structure, taking
advantage of two primary-side coils placed symmetrically adjacent to each side of the
secondary-side coil to reduce the eddy current loss of WPT systems for underwater vehi-
cles. Additionally, their experimental results show that the method improves the energy
transmission efficiency of the system significantly by nearly 10%. Yan et al. [12] established
the analytical model of the eddy current loss of the coreless WPT system in seawater.
Additionally, the expression of the eddy current loss was deduced. They analyzed the
eddy current loss under different conditions and concluded that the effect of eddy current
loss in seawater would shift the optimal resonance frequency of the system compared to
in the air. Moreover, they calculated the optimal resonance frequency according to the
analytical model so as to reduce the eddy current loss and improve the energy transmission
efficiency of the system. Kim et al. [13] used Z-parameters to analyze the characteristics
of eddy current loss and power transfer efficiency by considering the operating frequency
and conductivity of the medium. Liu et al. [14] presented an eddy current loss analysis
method in an underwater WPT system and built a coil mutual inductance model with the
eddy current loss. The finite simulation and experiment they have conducted proved the
effectiveness of the model and method. Liu et al. [15] established an electromagnetic field
model of the underwater coil based on the non-axisymmetric model, and developed an
analysis method for eddy current loss. Yan et al. [16] analyzed the eddy current loss in sea-
water under different misalignments and frequencies. The energy transmission efficiency
is relatively unchanged under a small lateral misalignment and decreased sharply when
the lateral misalignment kept growing.

However, reducing the eddy current loss of underwater WPT system using current
control has not been widely studied. The researchers mentioned above reduced the eddy
current loss of underwater wireless power transmission by changing the frequency of
the AC power supply, the number of turns of the coil, or the structure of the coil. These
methods will change the coordination and matching of the entire system. However, the
method of reducing eddy current loss using current control, as proposed in this paper, only
changes the parameters of the components in the compensation circuit, and does not change
the characteristics of the system itself, so it is more convenient to operate and implement.
In this article, the circuit of the WPT system in the air and sea is modeled sequentially,
and the parameter changes caused by the eddy current loss of the seawater are analyzed.
The methods of reducing eddy current loss using current control are obtained from the
theoretical solutions given by past research. Increasing the current phase difference and
changing the current modulus ratio in the coil can reduce the eddy current loss effectively,
and the optimal modulus ratio for reducing eddy current loss is obtained through theoretical
calculations. In this paper, the planar dual-coil WPT system is taken as an example, the
Figure 1 shows the physical diagram and coil diagram of the planar dual-coil WPT system.
And a electromagnetic field simulation of the two methods is carried out. The simulation
results verify the correctness of the methods and obtain the law stipulating that the eddy
current loss can be reduced by increasing the current phase.

The organization of this paper is as follows. Section 2 introduces the WPT system in
the air and calculates the compensation circuit. Section 3 introduces the WPT system in the
seawater and analyzes the compensation circuit, and proposes two methods to reduce the
underwater eddy current loss by controlling the circuit current. In Section 4, the correctness
of the two methods is verified using electromagnetic field simulation software, and the
laws describing the two methods with which to reduce eddy current loss through current
control are summarized in Section 5.
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Figure 1. Schematic diagram of WPT system and planar dual-coil model.

2. Circuit Analysis in the Air

In the WPT system, the commonly used types of circuit compensation topology are
series–series (SS), inductor–capacitor–inductor (LCL), double-sided inductor–capacitor–
inductor (LCC-LCC), and LCC-P compensation topology. Because the LCC-LCC compen-
sation topology has the characteristics of constant current output under the condition of
constant voltage input and strong controllability, the magnitude and phase of the current
in the circuits of the primary side and secondary side can be controlled by adjusting the
parameters of the compensation components. Considering that this article studies the
method of reducing eddy current loss using current control, the LCC-LCC compensation
topology was taken as an example for analysis and research, and the equivalent circuit
model in the air is shown in the Figure 2 below.
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Figure 2. Double-sided LCC compensation topology for WPT system.

U is a DC power supply, and uAB is the input voltage applied on the compensated
coil. S1~S4 are four power MOSFETs forming the inverter circuit in the primary side. uab is
the output voltage before the rectifier diodes. D1~D4 are four diodes forming the rectifier
circuit in the secondary side. LP and LS are the self-inductances of the primary side coil
and secondary side coil, and their internal resistances are RP and RS, respectively. LP1, CP2,
and CP3 are the primary-side compensation inductor and capacitors. LS1, CS2, and CS3 are
the secondary-side compensation inductor and capacitors, respectively. M is the mutual
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inductance between two coils. L0 and C0 are the filter inductor and capacitor, and RL is the
load resistance. In order to facilitate the circuit analysis, we transformed the inverter circuit
before point A and point B on the primary side into following form as shown in Figure 3.
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Figure 3. Equivalent circuit, focusing on the inverter circuit of the primary side.

Uin is the AC voltage source of U transformed by the inverter circuit, and Rin is the
equivalent internal resistance of Uin. After using the same method, we obtain the equivalent
circuit of the rectifier circuit after point a and point b on the secondary side in Figure 4.
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Figure 4. Equivalent circuit, focusing on the rectifier circuit of the secondary side.

The variable Rot in Figure 4 represents the equivalent resistance on the conductor after
converting the rectifier circuit. In Figures 2–4, Iin, ICP2, IP, Iout, ICS2, and IS are the currents
going through Rin, CP2, LP, RL, CS2, and LS, respectively, and they are all in phasor form.

This paper aims to study how to reduce the eddy current loss of the underwater WPT
system by controlling the current on the primary-side coil and secondary-side coil without
considering the influence of frequency. Therefore, in the following research process of this
paper, the internal resistance of all inductors and capacitors in the compensation circuit,
such as LP1, CP2, and LS1, are neglected for the simplicity of analysis. It is also stipulated
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that the phase of AC voltage source Uin, generated by the inverter circuit, is zero, and the
frequency is f, which satisfies the following equation:

f =
ω

2π
(1)

The parameter ω represents the operating angular frequency of the AC current Iin.
According to the circuit diagrams of Figures 2–4, based on Kirchhoff’s law, the equation of
the primary-side circuit can be expressed as

[
Rin + jωLP1

1
jωCP2

0 0
0 1

jωCP2
RP + jωLP + 1

jωCP3
jωM

]
·


Iin

ICP2
IP
IS

 =

[
Uin
0

]
(2)

Iin = ICP2 + IP (3)

Additionally, the equation of the secondary-side circuit can be expressed as

[
RS + jωLS +

1
jωCS3

1
jωCS2

0 jωM
0 1

jωCS2
RL + Rot + jωLS1 0

]
·


IS

ICS2
Iout
IP

 =

[
0
0

]
(4)

IS = ICS2 + Iout (5)

The resonance condition of the system is satisfied by the following equations:{
jω0LP1 +

1
jω0CP2

= 0
jω0LP + 1

jω0CP2
+ 1

jω0CP3
= 0

(6)

{
jω0LS1 +

1
jω0CS2

= 0
jω0LS +

1
jω0CS2

+ 1
jω0CS3

= 0
(7)

Equation (6) is the resonance condition of the primary-side circuit, and Equation (7)
is the resonance condition of the secondary-side circuit, where ω0 is the angular resonant
frequency, which is only relevant to the inductors and capacitors in the system.

Substitute Equations (6) and (7) into Equations (2)–(5), and the total impedance of the
loop on the primary side and the secondary side can be, respectively expressed as

Zin = Rin +
ω2

0 L2
P1

RP + Rre f
(8)

ZS = RS +
ω2

0 LS1

RL + Rot
(9)

Rre f =
ω2

0 M2

ZS
(10)

Rref is defined as the reflection impedance, which refers to the parameters that describe
the impact of the secondary side on the primary side by the equivalent power method
when the WPT system is working. Substitute Equations (8)–(10) into Equations (2)–(5), and
the current on primary side and secondary side can be expressed as

IP = − jω0LP1

RP + Rre f
Iin (11)

IS =
jω0MIP

ZS
(12)
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Here, Iin is expressed as

Iin =
Uin
Zin

(13)

Additionally, we can obtain the expression of the output current:

Iout = −
jω0LS1

RL + Rot
IS (14)

If we take IP as the reference, IP and IS can be expressed as

IP = IP∠0◦ (15)

IS =
ω0M

Zs
IP∠90◦ =

ω0M(RL + Rot)

RS(RL + Rot) + ω2
0 L2

S1
IP∠90◦ (16)

From Equations (15) and (16), we can see IP lags IS by 90◦, and the transmission
efficiency of system can be calculated as

η =
I2
outRL

IinUin
=

ω2
0 L2

P1
Rin(RP + Rre f ) + ω2

0 L2
P1

Rre f

Rre f + RP

ω2
0 L2

S1
RS(RL + Rot) + ω2

0 L2
S1

RL
RL + Rot

(17)

It can be seen from the calculation results above that when the system works in the air
environment and the compensation circuit works in the resonant state, the system has no
additional loss, except the inevitable line loss of the circuit. Moreover, because the WPT
system works in the resonant state, the power factor reaches the maximum and the line
loss is the minimum, which indicates that the energy transmission efficiency of the system
will reach the maximum at this time.

However, when the transmission system is working in an underwater environment,
eddy current loss will be generated, which will cause changes in the various parameters of
the transmission system and the conditions that enable the system to achieve the maximum
energy transmission efficiency have changed.

3. Circuit Analysis in Seawater and Methods Proposed

In the underwater environment, due to the role of the seawater medium, not only
does the electromagnetic field intensity around the coil decrease and the phase change,
but the electric field intensity at the position of the coil also changes (ignoring the volume
of the coil). The change in electric field intensity and phase in seawater will affect the
mutual inductance, and it will cause the change in coupler impedance simultaneously [17],
which will affect the working efficiency of the system. In this section, we will establish
the equivalent circuit model of the underwater WPT system, and its power transmission
characteristics will be analyzed so as to obtain the method to reduce eddy current loss and
improve the energy transmission efficiency of the system.

According to the circuit model in the air, the underwater equivalent circuit model can
be obtained as shown in Figure 5.

The difference with the air is that the self-inductance and equivalent resistance of
the primary-side coil are LPS and RPS , respectively, the self-inductance and equivalent
resistance of the secondary-side coil are LSS and RSS , and the mutual inductance between
them is Msea, which can be expressed as

Msea = Ksa Maire−jθdi f f (18)

Mair represents the mutual inductance coefficient of two coils in the air, Ksa represents
the modulus ratio of the mutual inductance coefficient between the seawater medium
and air medium, and θdiff represents the difference between the phase angle of the mutual
inductance in the sea water medium and the air medium [18].
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The equivalent resistance RPS and RSS represent the sum of the resistance of the
primary-side coil and the secondary-side coil and the eddy current loss resistance Recl
caused by its working in the underwater environment, as shown in Equation (19). In this
paper, the eddy current loss resistance is defined as

Recl =
Pecl
I2 (19)

RPS = RP + RPecl = RP +
PPecl

I2
P

RSS = RS + RSecl = RS +
PSecl

I2
S

(20)

PPecl =
∫
V

EPJdV =
∫
V

σ(E2
P + EPES)dV (21)

PSecl =
∫
V

ESJdV =
∫
V

σ(E2
S + EPES)dV (22)

where EP and ES are the electric field intensity and J is the current density. According to
Equations (19)–(22) above, it can be seen that the eddy current loss resistance is related to
the electric field generated by the two coils. However, compared with the air environment,
the electric field generated by the coils underwater will change. In addition, the eddy
current loss resistance will also change greatly for current excitation at different frequencies.
The differences between them are shown in the Figures 6–8 below.

Figures 6–8 above come from the simulation results of a single-plane coil using elec-
tromagnetic field simulation software. Figure 6 shows the AC resistance and eddy current
loss resistance of the planar coil of the WPT system in the air and seawater, respectively,
and Figures 7 and 8 show the comparison of its electric field intensity modulus and phase
angle under different frequency excitations. It can be seen from the figure that in the air
medium, the eddy current loss resistance is always zero, while in the seawater medium,
with the increase in frequency, the eddy current loss resistance increases rapidly and is
much larger than its own AC resistance. Moreover, from the calculation results, it can be
seen that under different frequencies, the modulus of electric field intensity around the
coil is almost the same in seawater and air, and the modulus in seawater is slightly less
than that in air. However, it can be seen from Figure 8 that in seawater, the phase angle of
electric field strength is less than 90◦ in air, and the farther the measurement point is from
the coil, the smaller the phase angle. With the increase in frequency, the rate of phase angle
reduction also increases, which shows that the emergence of eddy current loss causes the
coil to produce the phase loss of the electric field.
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According to the analysis above, it should be modified appropriately when the tra-
ditional circuit model in the air is extended to an underwater environment. On the basis
of Kirchhoff’s law and Figure 5, the equation of the underwater WPT system can be
expressed as

[
Rin + jωLP1

1
jωCP2

0 0
0 1

jωCP2
RPS + jωLPS +

1
jωCP3

jωMsea

]
·


Iin

ICP2
IP
IS

 =

[
Uin
0

]
(23)
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[
RSS + jωLSS +

1
jωCS3

1
jωCS2

0 jωMsea

0 1
jωCS2

RL + Rot + jωLS1 0

]
·


IS

ICS2
Iout
IP

 =

[
0
0

]
(24)

Iin = ICP2 + IP (25)

IS = ICS2 + Iout (26)
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Figure 8. Phase of electric field intensity generated by planar coil in the (a) radial direction (b) ax-
ial direction.

The resonance condition on the secondary side satisfies the following equation:{
jω0LS1 +

1
jωCS2

= 0
jω0LSS +

1
jωCS2

+ 1
jωCS3

= 0
(27)

We can obtain the total impedance and reflection impedance at the resonance state of
the primary side thusly:

ZS =
ω2

0 L2
S1

Rot + RL
+ RSS (28)

Zre f =
ω2

0M2
sea

ZS
=

ω2
0K2

sa M2
aire−j(2θdi f f )

ZS
(29)

Due to the effect of eddy current loss, the reflection impedance of the secondary side
is not purely resistive, so the resonance condition of the primary side is changed compared
with that in the air. It can be obtained that the resonance condition on the primary side is{

jω0LP1 +
1

jω0CP2
= 0

jω0LPS +
1

jω0CP2
+ 1

jω0CP1
+ jIm(Zre f ) = 0

(30)

It can be calculated when both the primary side and secondary side resonate that

ZP =
ω2

0 L2
P1

RPS + Re(Zre f )
+ Rin (31)
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Iin =
Uin
ZP

(32)

IP =
jω0CP3

jω0CP3 + jω0CP3 −ω2
0CP2CP3(Zre f + RPS + jωLP)

Iin (33)

IS =
jω0Ksa Maire−jθdi f f (RL + Rot)

RSS(RL + Rot)− 1
ω2

0CS2CS3

IP (34)

If we take IP as the reference, IP and IS can be expressed as

IP = IP∠0◦ (35)

IS =
ω0Ksa Mair(RL + Rot)

RSS(RL + Rot)− 1
ω2

0CS2CS3

IP∠(90◦ + θdi f f ) (36)

From Equations (35) and (36), we can infer that the phase difference between IP
and IS in the seawater is not equal to 90◦ compared with that in the air. Additionally,
from Equations (21) and (22), the eddy current loss of underwater WPT system can be
expressed as

Pecl = PPecl+PSecl =
∫
V

σ(|EP|2 + |EP|2 + 2|EP||ES| cos(90◦ + θdi f f ))dV (37)

It can be seen that increasing the phase difference of the electric field intensity on two
sides can reduce the eddy current loss when the modulus on the primary side and the
secondary side is constant.

Since it is assumed that the components in the compensation topology circuit in this
paper are ideal components, the resistance on the wire can be ignored because it is much
less than that of the coupling coil. As a result, the energy loss of the underwater WPT
system can be approximately expressed as

Ploss ≈ I2
P(RP + RRecl )

2 + I2
S(RS + RSecl )

2 = I2
PR2

PS
+ I2

SR2
SS

(38)

Ensuring that the total output of the system remains unchanged, the total power
transmitted from the primary side to the secondary side can be obtained as

Pt = ωMsea IP IS = Pout + I2
SR2

SS
(39)

In this paper, it is assumed that the ratio of the modulus of the current in the primary
and secondary coils is α, and thus we can obtain

IP = αIS (40)

Ploss = I2
S(α

2RPS + RSS) =
α2RPS + RSS

αωMsea − RSS

Pout (41)

The energy transmission efficiency of the system can be expressed as

η =
Pout

Pout + Ploss
= 1−

RSS + α2RPS

α2RPS + αωMsea
(42)

For a two-coil system with symmetrical distribution, the equivalent resistance of the
primary side coil and the secondary side coil is approximately equal, and so we can obtain{

η = f (α, τ) = 1− α2+1
α2+ατ

τ = ωMsea
RSS

(43)
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The introduced coefficient τ is defined as the mutual inductance quality factor. When
the parameters of the coils and working environment are determined, τ is a constant, and
the following equations can be listed:{

∂η
∂α = 0
∂2η

∂α2 < 0
, α > 0 (44)

Additionally, we can obtain

α0 =
1 +
√

1 + τ2

τ
(45)

Therefore, when the system works under the condition that the coil parameters and
environmental parameters remain unchanged, changing the current modulus value of the
primary side and the secondary side to make their ratio equal to α0 can reduce the eddy
current loss, which improves the energy transmission efficiency of the system.

In this section, two methods to reduce the eddy current loss of underwater WPT
systems are proposed. This is realized by controlling the modulus ratio and phase difference
of the current in the primary-side and secondary-side coils. Therefore, we can adjust
the parameters of the components in the compensation circuit on both sides to control
the current.

4. Electromagnetic Field Simulation Analysis and Discussion

In Sections 2 and 3, we analyzed the circuit model in air and seawater, and proposed
two methods to reduce the eddy current loss in the underwater WPT system. In this
section, we take advantage of FEA software in order to obtain the electric field intensity
distribution and energy loss density distribution, and we analyze the improvement of
the energy transmission efficiency of the system using two methods. For this reason, we
chose to use a planar dual-coil power transmission system with symmetric distribution and
establish a model as shown in the Figure 9 below, and the value of parameters in simulation
are shown in Table 1.
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Table 1. The meanings and value of parameters in simulation.

Symbol Meaning Value

d Distance between two planar power transmission
coils/mm 103

r Inner radius of coil/mm 50

rline Radius of line/mm 1.5

n Turns of coils 19

f Frequency/kHz 200, 300

µair, µseawater, µcopper Relative permeability for air, seawater, and copper 1, 1, 0.99990

σair, σseawater, σcopper Conductivity for air, seawater, and copper/(S/m) 0, 4.5, 5.998 × 107

εair, εseawater, εcopper Relative permittivity for air, seawater, and copper 1, 81, 1

RL Equivalent load resistance/Ω 30

Rot
Equivalent resistance of rectifier circuit and filter

circuit/Ω 0.1

Rin Equivalent internal resistance/Ω 0.2

RP Primary side coil resistance/Ω 1.7

LP Primary side coil inductance/uH 63.45

RS Secondary side coil resistance/Ω 1.7

LS Secondary side coil inductance/uH 64.49

Msea Mutual inductance in seawater/uH 13.31

In the simulation analysis and research below this section, under the condition of
ensuring that the circuit compensation topology remains unchanged, we change the param-
eters of compensation components to make the power on the equivalent load resistance
the definite value, and we analyze the energy transmission efficiency from primary-side
AC to secondary-side AC so as to evaluate the effect of the two methods on reducing eddy
current loss.

4.1. Change Current Phase Difference

Since there is no phase loss in the air medium, the phase of the field intensity excited
by the coil and its current phase difference is fixed at 90◦, so the phase difference of the
coil excitation field strength depends on the phase difference of their current. According
to Equation (37), it can be seen that increasing the field strength phase difference between
the primary and secondary sides can reduce the eddy current loss; in other words, it can
increase the current phase difference between the primary and secondary sides. In order to
achieve this goal, there are three methods that can be adopted: the primary side resonates
and the secondary side does not resonate, the primary and secondary sides do not resonate,
and the secondary side resonates and the primary side does not resonate. The latter two
methods will cause the current in the primary side circuit to flow back into the power
supply, causing additional loss and harm to the inverter, while the primary side circuit
of the first method is purely resistive and will not cause harm to the inverter. Although
the secondary side circuit is not resonant, it can enter the load after current regulation and
voltage stabilization, which is relatively safe as a whole. Therefore, we selected the first
method in this paper.

When the frequency is 200 kHz and the output current on the equivalent load resistance
is equal to 1A, we change the parameters of the compensation circuit to adjust the phase
difference ∆ϕ of the primary side and secondary side. We can obtain the electric field
intensity distribution, energy loss density distribution, and AC-AC efficiency η, as shown
in Figure 10.
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Figure 10. Electric field intensity, energy loss density, and AC-AC efficiency under different phase
differences. (a) ∆ϕ = 90.00◦, η = 0.8021; (b) ∆ϕ = 110.40◦, η = 0.8297; (c) ∆ϕ = 130.80◦, η = 0.8435;
(d) ∆ϕ = 135.01◦, η = 0.8444; (e) ∆ϕ = 140.25◦, η = 0.8392; (f) ∆ϕ = 150.02◦, η = 0.8145.
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It can be obtained that the energy transmission efficiency of the system changes with
the current phase difference, as shown in Figure 11.
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It can be seen from the simulation results that the different phases of the primary and
secondary currents have little effect on the distribution of electric field strength in the area
outside the coil, but it has a weakening effect on the area between the two coils. This is
because the field strength outside the two coils mainly originates from the contribution
of the coils themselves, while the field strength between the two coils contributes to the
two coils together. With the increase in the current phase difference, the resultant field
strength between the coils gradually decreases, thereby reducing the eddy current loss
and improving the efficiency of the system. As shown in Figure 11, the efficiency is
increased by 4.2% in the range of 90◦~135◦. However, as the phase difference continues
to increase, the secondary side is in a non-resonant state, resulting in a decrease in power
factor accordingly, and the overall efficiency of the system will decrease, as shown in the
interval of 135◦~150◦ degrees in Figure 11. Therefore, it can be seen that within a certain
range, increasing the current phase difference between the primary side and the secondary
side can reduce the eddy current loss and improve the energy transmission efficiency of
the system.

4.2. Change the Current Modulus Ratio

According to Equation (45), for the underwater WPT systems with different resonant
frequencies, there is an optimal current modulus ratio α0 between the primary-side coil and
the secondary-side coil, which can reduce the eddy current loss of the system and improve
the energy transmission efficiency. In order to verify this conclusion, we kept the primary
side’s compensation structure unchanged, changed the parameters of the compensation
components on the secondary side to control the current modulus ratio in the two coils,
and then adjusted the input voltage to make the output current on the equivalent load
resistance equal to 1A. The electric field intensity distribution and energy loss density
distribution when the resonant frequency is at 200 kHz and 300 kHz can be obtained by
means of FEA software, as shown in the Figures 12 and 13 below.
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(c) α/α0 = 1.33, η = 0.8114.
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Figure 13. Electric field intensity, energy loss density, and AC-AC efficiency under different mod-
ulus ratios when f = 300 kHz, α0 = 1.1103. (a) α/α0 = 0.65, η = 0.7563; (b) α/α0 = 1.01, η = 0.7832;
(c) α/α0 = 1.33, η = 0.8114.
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In Figures 12 and 13, α0 represents the optimal modulus ratio calculated according
to Equations (43) and (45), and α represents the modulus ratio of the current through
the two coils in the simulation software. Additionally, it can be obtained that the energy
transmission efficiency of the system changes with the dimensionless quantity α/α0, as
shown in the Figure 14 below.
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It can be seen from the simulation results that as the dimensionless coefficient α/α0
deviates from 1, the asymmetry of the electric field excited by the two coils increases, and
the energy loss in the area between the two coils also increases, that is, the eddy current
loss increases. According to Figure 14, it can be seen that at the resonant frequencies of
200 kHz and 300 kHz, when the current modulus ratio of the two coils is equal to the
optimal modulus ratio calculated by Equation (45), the energy transmission efficiency of
the system is the highest, and is increased by 5.06% and 3.93%, respectively, compared with
the minimum efficiency at the two frequencies. At this time, the field strength distribution
around the primary and secondary side coils is evenly distributed, and the field strength
maximum value in the adjacent space is small, so the energy loss due to eddy current loss
is reduced, which improves the energy transmission efficiency of the system. Therefore, for
a two-coil underwater wireless energy transmission system, when the modulus ratio of
the current in the primary and secondary coils is controlled to ensure that it is the optimal
modulus ratio, the eddy current loss of the system can be effectively reduced, and the
energy transmission efficiency of the system can be improved.

5. Conclusions

In this paper, two new methods to decrease eddy current loss have been established
by analyzing the circuit model of the underwater WPT system in air and seawater. It is
viable to reduce the eddy current loss and improve the energy transmission efficiency of
the system by controlling the current in the primary coil and the secondary coil. In addition,
the underwater WPT system of planar dual coil model was established by adopting FEA
software to verify the correctness of the two methods, and the simulation results are in
good agreement with the calculation results. The study shows that, within a certain range,
increasing the phase difference between the primary-side and the secondary-side current
or adjusting the current modulus ratio of the two coils to the optimal modulus ratio can
reduce the eddy current loss of the underwater system and improve the energy transmission
efficiency of the system.
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Nomenclature
The following is the nomenclature of the parameters involved in this paper:

S1~S4 Primary-side MOSFETs
D1~D4 Secondary-side rectifier diodes
LP Self-inductance of the primary-side coil in air
LP1 Primary-side compensation inductance
LPs Self-inductance of the primary-side coil in seawater
L0 Filter inductance
CP2 Primary-side parallel compensation capacitor
CP3 Primary-side series compensation capacitor
CS2 Secondary-side parallel compensation capacitor
CS3 Secondary-side series compensation capacitor
C0 Filter capacitor
Rin Equivalent internal resistance
RP Internal resistances of primary-side coil in air
RPs Equivalent resistance of the primary-side coil in seawater
RS Internal resistances of secondary-side coil in air
RSs Equivalent resistance of the secondary-side coil in seawater
RL Load resistance
Rot Equivalent resistance of rectifier circuit and filter circuit
Recl Eddy current loss resistance
Rre f Reflection impedance in real form
Zre f Reflection impedance in plural form
M Mutual inductance of coils
Mair Mutual inductance of coils in air
Msea Mutual inductance of coils in seawater
Ksa Modulus ratio of mutual inductance coefficient between seawater and air
θdi f f Phase difference of the mutual inductance between seawater and air
U DC power supply
Uin Equivalent AC power supply
Iin Current on the primary-side resistance Rin
ICP2 Current on the primary-side compensation capacitor CP2
IP Current on the primary-side coil
IS Current on the secondary-side coil
ICS2 Current on the secondary-side compensation capacitor
Iout Current on the secondary-side resistance RL
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