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Abstract: Wireless charging in the marine environment has problems such as high loss and low
efficiency. In order to solve these problems, based on the wireless power transmission technology
in the seawater environment, this paper studies the multi-physical field coupling relationship of
the underwater IPT system. Through researching on the law of mutual influence and interaction
between the fields, the relationship between the physical fields is established. The software is used to
establish a system simulation model, the dataset is solved and analyzed to get the distribution of
electric field, magnetic field, thermal field, and flow field, which provides a theoretical basis for the
model and optimization of the IPT system in the seawater.
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1. Introduction

The ocean is a vast treasure house of resources, with infinite unknowns and possi-
bilities, and the development of marine resources has important strategic significance for
the future development of mankind [1]. In recent years, Autonomous Underwater Vehicle
(AUV) has developed rapidly and has undertaken important tasks such as underwater
survey and intelligence collection. However, the energy carried by the AUV itself is limited
and cannot meet the needs of long-term continuous work. Therefore, the establishment
of underwater base stations and the use of Inductive Power Transfer (IPT) technology to
supply power to AUVs can increase the underwater operating time of the aircraft, improve
work efficiency, and enhance the concealment of AUVs. The biggest difference between the
IPT system in the marine environment and the air is reflected in two aspects: One is that
seawater has conductivity, which is a typical multiphysics coupling problem [2]. The other
is that the impact of ocean currents affects the stable transmission of electrical energy in
the IPT system [3-9].

After studying the influence of eddy current loss on the wireless charging system in
seawater environment [10], a multi-physical coupling model of IPT system in the marine
environment is established. The fitting relationship between electromagnetic and environ-
mental parameters is used to establish a multi-physical coupling model for IPT systems
under the marine environment. The characteristics of electromagnetic fields, thermal fields,
flow fields, and the coupling mechanism between them are studied. Through solving
the calculation of the multi-physical coupling model [11,12], the field distribution of each
physical field in the IPT system, and the distribution characteristics of its physical field
parameters are given. This model lays the foundation for modeling, optimizing, and overall
structural design of the following IPT systems.

2. IPT System

Wireless power transmission, also known as non-contact power transmission, refers to
the conversion of electrical energy into other forms of relay energy (such as electromagnetic
field energy, lasers, microwaves, and mechanical waves) through a transmitter. The relay
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energy is converted into electrical energy to realize wireless power transmission. Wireless
power transmission technologies mainly include inductive wireless power transfer (In-
ductive Wireless Power Transfer, IPT), capacitive wireless power transmission (Capacitive
Wireless Power Transfer, CPT), ultrasonic wireless power transmission (Ultrasonic Power
Transfer, UPT).

Due to the late start of the research on UPT, the efficiency of the UPT system is usually
less than 50%. In addition, the energy transmission distance of the UPT system is also very
close, and the UPT system has a more complicated mechanical structure [13]. Therefore,
this article will conduct research on the basis of the IPT system.

The underwater IPT system is shown in Figure 1. The primary side circuit includes
DC power supply, high-frequency inverter, compensation circuit, and coupling coil. The
secondary side circuit includes coupling coil, compensation circuit, rectifier, and load. The
DC power provided by the underwater base station or the mother ship is converted into
AC power by a high-frequency inverter. The electric energy received by the secondary side
is finally rectified to the DC load.
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Figure 1. Principle and structure diagram of IPT system.

3. Multiphysics Coupling Model of IPT System

The marine environment IPT system is a multi-physical field coupling system with
multi-factor interaction. The interaction relationship between various physical fields is
shown in Figure 2.
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Figure 2. Multiphysics coupling relationship diagram.



World Electr. Veh. ]. 2021, 12, 230 30f 10

3.1. Electromagnetic Field

The electromagnetic field is mainly based on Maxwell’s equations:

oE
VB =]+ ) 0
dB
VeB =0 3)
_r
VeE = e 4)

Equation (1) is the Maxwell-Ampere law. The left side of the equation is the mag-
netic field curl. The two terms on the right represent the current density and the rate of
electrical change.

Equation (2) is the Faraday’s law. The left side is the electric field curl, and the right
side represents the rate of the electric field with time.

Equation (3) is the Gaussian magnetic law, which shows that the divergence of the
magnetic field is zero everywhere.

Equation (4) is the Gaussian electric field law, which expresses that the electric field
generated by the electric charge exists where the electric field divergence is not zero.

3.2. Fluid Field

In the marine IPT system, because seawater flows between the primary side and the
secondary side coil, the system is affected by the fluid. Navier-Stokes equation can be
used as Newton's law of fluid motion. For compressible Newtonian fluid, the equation is
as follows:

ou

p(% - uoVu) = ~Vp + Vo(u(Vu+ (Vi)T) = 2p(Veu)l) + F ©)

In Equation (5), p is the hydrodynamic viscosity, u is the fluid velocity, p is the fluid
pressure, and p is the fluid density, which is the hydrodynamic viscosity. The four fractions
of this equation from left to right correspond to inertial force, pressure, viscous force, and
external force acting on the fluid.

3.3. Electromagnetic Heating

Electromagnetic heating usually includes Joule heating, induction heating and mi-
crowave heating. The marine IPT system mainly includes Joule heating and induction
heating, and the eddy current loss caused by the conductivity of seawater leads to waste of
electric energy.

Heat conduction equation is as follows:

pcpaa% + Ve(—kVT)=Q (6)

In Equation (6), p and Cp represent the material density and volumetric heat capacity
that change with temperature, k represents the thermal conductivity, and the heat source Q
may be a constant value, such as Joule heating, induction heat and multiphysics, etc.

3.4. Fluid Heat Transfer

When studying the multi-field coupling of IPT in a marine environment, the seawater
is designated as a non-isothermal flow with variable temperature. Three formulas are
the heat transfer equation with convection term, the Stokes momentum conservation
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equation, and the mass conservation continuity equation to be used in the simulation of
non-isothermal flow

ou
Pp +p(ueVu) = —Vp+uAu+F (8)
Ve(pu) =0 )

The velocity field u of the fluid is used in the heat transfer equation, and the material
properties in the fluid equation are related to temperature.

4. Simulation
The modeling parameters are shown in Table 1:

Table 1. Size specification table.

Category Size Parameters

Round coil inner diameter » = 50 mm, outer diameter R = 200 mm,

Coil the number of turns N = 30, wire diameter rq = 4 mm
Magnetic core 160 x 30 x 10 mm is evenly distributed along the radius of the coil
Aluminum plate 500 x 500 x 6 mm
Packaging box Bottom radius of cylinder R, = 520 mm, The height of the cylinder
h =200 mm

As shown in Figures 3 and 4.The entire packaging box is made of acrylic material, and
the inside is also filled with acrylic material. There is no air gap between the coil and the
outer layer of the packaging box. The conductivity of seawater is 4 S/m in the paper.

seawater

Acrylic
material

Figure 3. Building an IPT geometric model in the seawater environment.
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Figure 4. Coupler 3D model.

The size of coils, magnetic core, and aluminum plate can be specified during meshing.
The refined free tetrahedral grid is used for division, while the sea area adopts the standard
size. The results of the division are shown in Figure 5:

Figure 5. Meshing result.

The solution of multiple physical parameters based on finite element can be obtained
by solving the model, and these results are saved in the data set.

5. Simulation Results
5.1. Magnetic Field Distribution

2A current is passed through the primary side of the coupling coil. Figure 6 shows the
magnetic field distribution in the yoz plane.

Take the center line of the coupling coil through the yoz plane, and the magnetic field
distribution on the center line is shown in Figure 7. It can be seen that the magnetic field
intensity distribution law of the coil in the geometric range is: The strongest magnetic field
appears at the center of two symmetrical radii. There is a symmetrical depression in the
missing area of the inner loop of the coil and the boundary of the outer loop of the coil has
a symmetrical peak. As it extends outward, the magnetic field gradually decreases.
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Figure 6. yoz plane magnetic field distribution map.
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Figure 7. Magnetic field distribution on yoz plane coupling center line.

5.2. Electric Field Distribution

Take the center line of the coupling coil at the same position. The electric field
distribution on the yoz plane and the electric field distribution on the center line are shown
in Figures 8 and 9.

Figure 8. yoz plane electric field distribution.
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Figure 9. Electric field distribution on the yoz plane coupling center line.

The electric field distribution law on the center line is as follows: The electric field
at the center of the coil is almost zero, and electric field intensity reaches the maximum
at the center of the coil radius, then the electric field gradually decreases to zero as it
extends outward.

5.3. Flow Field Distribution

The speed of seawater flow is 5 m/s in the laminar flow interface, and the inlet pressure
is set to two times the standard atmospheric pressure in the heat transfer module. The
laminar flow direction and velocity distribution are shown in Figure 10. When the seawater
passes through the coupling mechanism, the flow direction will change significantly.

S Ty —w |

Figure 10. Laminar flow distribution map.

5.4. Electromagnetic Heating and Fluid Heat Transfer

In this subsection, the seawater temperature is set to 15 °C. When in a changing
magnetic field, eddy currents are generated inside the seawater conductor. The eddy
current flowing inside the seawater will cause loss and the conductor (seawater) to heat up.
The heating effect in a small space will also cause the local temperature of the sea to rise,
thereby affecting the physical parameters of seawater. The coil will generate Joule heat due
to the passing of the current. Without considering the flow of seawater, the heat due to
eddy current loss and the heat conduction of the coil heating will cause local seawater to
heat up. As shown in Figure 11, the seawater has a temperature rise of about 1 °C.
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Figure 11. Thermal field distribution between coupled coils (1).

After considering the heat transfer of the fluid, the simulation results are shown in
Figure 12. It can be seen from the figure that the heat generated by the eddy current
loss is exhausted in the flow of seawater, the temperature change between the cou-
pling coils is small, and the temperature of the coupling coil is basically the setting
seawater temperature.

Figure 12. Thermal field distribution between coupled coils (2).

After solving the established multiphysics model, the distribution of various param-
eters and physical fields of the ocean IPT system can be gotten, which is the basis of
establishing a system mathematical model and studying its influence on efficiency in the
our next research. The 3D model in the IPT marine environment occupies a very large
storage space, and the solution requires high computer configuration.

By post-processing the data set, the multiphysics model of the IPT system can well
display the distribution of electrical, magnetic, thermal, current, and fluid.

5.5. Finite Element Method

In the seawater environment, when the frequency f > 100 kHz, severe eddy current
loss will occur, resulting in a decrease in transmission efficiency [11]. We will use the finite
element method to calculate this part of the loss.

The electromagnetic field of the underwater wireless power transmission system is a
vector field, and the electric and magnetic fields in space are the vector superposition of
the electric and magnetic fields generated by the primary and secondary coils. The calcu-
lation area is discretized into M cube units, each cube unit has the same electromagnetic
parameters, and the finite element method is used to calculate the spatial electromagnetic
field [10]. As shown in Figure 13, in the solution range of the eddy current loss, the eddy
current loss can be expressed as the superposition of the eddy current loss in the M small
regular hexahedron domain. The conductivity o and the electric field of the small regular
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hexahedron are expressed as oy and E, respectively, then the eddy current loss in the
solution domain Eddy current loss can be expressed as:

Peddy = AZA: fﬂ okEgd Vi (10)

k=1 Val

X

Figure 13. Solution diagram.

6. Conclusions

Aiming at the problem of low efficiency and large loss of underwater inductive infinite
power transmission system (IPT system), this paper conducts multiphysics simulation on
the coupler part of the system. By analyzing the coupling mechanism of the physical fields
in multiple underwater environments, the distribution modes and parameter characteristics
of multiple physical fields are obtained, which provides a reference for the modeling
and structural design of the underwater induction wireless power transmission system
(IPT system).
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