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An Antirotation Wireless Power Transfer System

With a Flexible Magnetic

Coupler for Autonomous

Underwater Vehicles

Ben Zhang
Chen Chen

Abstract—Combining wireless power transfer (WPT) technol-
ogy with an underwater inclusive charging platform is an effective
method to solve the problem of energy replenishment for au-
tonomous underwater vehicles (AUVs). To ensure a stable charging
state of the AUV at arbitrary positions, an antirotation flexible
magnetic coupler (FMC) is proposed in this article. The trans-
mitter structure can follow the retractable cage changes of the
charging platform. Through the optimization analysis, the FMC,
composed of a single-layer transmitter coil and a double-layer
receiver coil and rotated 45° between the two layers of receiver
coils, has excellent antirotation capability under 360° rotations.
Moreover, the magnetic field of the FMC is evenly distributed and
concentrated between the magnetic cores of the transmitter and
receiver, causing little effect on the equipment inside the AUV. To
address the coupling parameter variations due to AUV rotation and
the transmitter contraction during FMC operation, soft switching
of the WPT system is achieved by pulse density modulation and
slight detuning of the resonator. An experimental prototype was
established to verify the antirotation characteristics of the FMC
as well as the soft-switching attributes of the system, and the
experimental results matched well with the simulations.

Index Terms—Antirotation, autonomous underwater vehicles
(AUVs), flexible magnetic coupler (FMC), pulse density modulation
(PDM), wireless power transfer (WPT).

1. INTRODUCTION

ITH the advancement of science and technology, there
has been an acceleration in the exploration of the oceanic
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domain. Autonomous underwater vehicles (AUVs), as intelli-
gent devices capable of independently executing underwater
tasks, play a vital role in various fields, such as marine ex-
ploration, environmental monitoring, and military applications
[1]. AUVs rely on the energy stored in their batteries, which
limits their operational depth and endurance [2]. The traditional
methods of energy replenishment include retrieving the AUVs
to the surface for battery replacement or employing a wet-plug
interface for wired charging underwater. These methods have
drawbacks, including poor reliability, safety, and autonomy.

Under the situation mentioned above, wireless power transfer
(WPT) technology has emerged, offering an innovative solution
[3], [4]. In contrast to traditional wired charging, WPT utilizes
electromagnetic fields to transmit energy, eliminating the need
for physical connections and enhancing safety and reliability [5].
Particularly in underwater environments, WPT technology can
significantly improve operational flexibility and ease of main-
tenance, enabling AUVs to be deployed for extended periods
without human intervention [6].

WPT technology necessitates integration with charging plat-
forms to accomplish the energy replenishment tasks for AUVs.
The underwater inclusive charging platform has a cage shell. It
requires low docking accuracy, and can protect the AUV during
the charging process [7], making it widely utilized [8]. To ensure
the smooth entry and exit of the AUV, the diameter of the cage
of the charging platform is designed to be larger than the AUV
itself. Although presetting a particular gap can prevent the AUV
from getting stuck during entry and exit, it will also reduce the
performance of wireless power transmission.

Researchers have optimized the structure of the magnetic
coupler to effectively reduce the impact of external environmen-
tal factors on transmission performance. Initially, the magnetic
couplers used in AUV wireless power transmission featured
transmitters and receivers composed of planar coils [9]. How-
ever, their lack of conformity with the AUV’s surface structure
led to increased transmission distances and excessive space oc-
cupation. To address this issue, researchers proposed a magnetic
coupler composed of multiple segments of rectangular coils
joined together [10]. Although the receiver can conform to
the AUV’s surface, this design results in significant magnetic
leakage from the transmitter, leading to poor coupling perfor-
mance and unsuitable for high-power transmission. Researchers
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Fig. 1. Design flow and main work of flexible WPT system for AUVs.

subsequently proposed a plan that features a transmitter with
curved coils and a receiver composed of spatial rectangular
coils [11]. While this structure demonstrates effective coupling
capabilities, the receiver occupies significant space inside the
AUV. Designing the transmitter and receiver to conform to the
AUV s surface structure may be more effective. Transmitters and
receivers of curved coils exhibit good transmission performance
and save space [ 12]. However, their lack of robust antirotation ca-
pabilities significantly dampens transmission performance when
the AUV undergoes extensive rotation. Although transmitters
and receivers comprised of ring coils offer enhanced antirotation
capabilities, they are limited by their fixed structural sizes, which
reduces their versatility [13].

Based on the above background, the following requirements
are proposed for the WPT system applied to AUVs. First,
the magnetic coupler structure is flexibly integrated with the
platform cage to provide sufficient space for the AUV to enter
and exit and to minimize the changes in its position due to
seawater fluctuations during the charging process. Second, due
to the narrow space inside the charging platform cage, the AUV
makes it challenging to adjust the posture, and the transmit-
ter and receiver are frequently not at the optimal centering
angle. Therefore, the magnetic coupler should have a strong
antirotation capability to address the weakening of the coupling
capability when the coils are not aligned, and the magnetic
field distribution should be concentrated inside the coupler to
avoid electromagnetic interference with the internal devices of
the AUV. Finally, a corresponding control strategy should be
implemented to ensure the system can guarantee soft switching
under any flexible magnetic coupler (FMC) state and output
power conditions.

The research line of this article is shown in Fig. 1, and the
main contributions are summarized as follows.

1) AnFMC s proposed that integrates with underwater inclu-
sive charging platforms, tracking the platform cage’s con-
traction and expansion. It facilitates the AUV’s entry and
exit from the platform and reduces the transmission dis-
tance, thereby completing efficient energy transfer. More
importantly, the variable transmitter structure provides the
possibility of energy supply for multiple models of AUV,
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increasing the versatility of the underwater charging plat-
form.

The FMC is optimized for both coil structure and magnetic
core layout to obtain excellent antirotation capability.
In addition, the FMC’s magnetic field is uniformly dis-
tributed and concentrated between the magnetic cores of
the transmitter and receiver, with little effect on the AUV’s
internal equipment.

The soft switching of WPT systems can be consistently
achieved through pulse density modulation (PDM) tech-
nology across the entire range of output power. Moreover,
for WPT systems that utilize FMC, the mutual inductance
and transmitter self-inductance undergo variations. A de-
tuning design is implemented to ensure soft switching in
any FMC state.

A system prototype is constructed, and the fabrication
process is detailed. Emphasis is placed on verifying the
FMC’s performance and the control’s effectiveness.

The rest of this article is organized as follows. Section II in-
troduces the structural principles and demand analysis of FMC.
Section III optimizes the antirotation capability of the FMC, and
finite element analysis is performed. Section IV elaborates on
the control method for coupling parameter changes and different
power output conditions. Section V discusses the development
and experimental validation of the WPT prototype. Section VI
compares the method proposed in this article with similar work.
Finally, Section VII concludes this article.

2)

3)

4)

II. PROPOSAL OF FMC
A. Structure and Principles

Tides and the Earth’s rotation cause fluctuations in seawater.
As can be seen from Fig. 2, due to the gap between the AUV
and the underwater inclusive charging platform, the position of
the AUV will change when it is impacted by seawater. More
importantly, it will cause changes in the coupling parameters of
the WPT system and affect transmission stability.

To address the issues above, this article proposes an FMC
consisting of a single-layer transmitter coil capable of structural
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changes and an interleaved dual-layer receiver coil, as illustrated
in Fig. 3. The transmitter coil is formed by serially connect-
ing multiple curved rectangular coils in the same direction.
While adhering to the same principle, the receiver coils are
interconnected in series between the two layers, ensuring that
all coils have consistent polarity. This FMC structure enhances
the transmission efficiency and versatility of the underwater
charging platform and improves its antirotation capability.

The principle is that the size can be expanded to its maximum
extent to facilitate the entry of an AUV into the underwater
inclusive charging platform. Then, the transmitter follows the
platform cage as it contracts to a position that fits the surface of
the AUV. At the end of charging, the transmitter expands again,
leaving plenty of space for the AUV to exit the platform. This
flexible transmitter structure reduces the distance over which
wireless power can be transmitted and allows efficient energy
resupply for a wide range of AUV models [14].

B. Demand Analysis

The analysis of the coupling status of AUV during energy
supply on the underwater inclusive charging platform was con-
ducted using ANSYS Maxwell. The transmitter diameter is
designed to be 360 mm, the outer receiver diameter is 280 mm,
and the inner receiver diameter is 270 mm. The coupling sit-
uation changes when the AUV is disturbed by ocean currents,
as demonstrated in Fig. 4. The coupling capacity will increase
or decrease as the average distance between the transmitter
and receiver changes due to offset or swing. When the AUV
moves closer to the receiver from a centered position, such as an
offset from 0 to 20 mm, the mutual inductance changes by 27%.
Interestingly, as the AUV attitude swings, the mutual inductance
becomes greater as the magnetic flux through the receiver in-
creases. At its maximum value, the mutual inductance changes
by 45%. Thus, developing FMC is essential to enhancing the
stability of the charging process.

A finite element analysis was performed to investigate the
FMC’s magnetic field distribution [15], as shown in Fig. 5. The
magnetic field distribution is uneven before the FMC launcher
contractions, and the magnetic flux leakage is severe. When the
FMC contractions, the transmitter and the receiver are tightly
coupled, the magnetic field distribution is uniform, and there is
no electromagnetic wave leakage. Among them, the magnetic
induction intensity between the transmitter and the receiver is
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improved, while the magnetic induction intensity inside the
AUV is almost unchanged.

The necessity of double-layer receiving coils is analyzed,
as depicted in Fig. 6. When facing the AUV rotation, mutual
inductance decreases rapidly if there is no angle difference
between the double-layer receiver coils. On the contrary, if there
exists an angular difference between the two layers of coils, it
can mitigate the mutual inductance drop caused by the rotation of
the AUV. Setting up a double-layer receiver coil with an angular
difference is significant for resisting the rotation of the AUV.

III. OPTIMIZATION AND ANALYSIS OF FMC

The above content introduces the demands and structural
principles of FMCs’ function. To improve the antirotation ability
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of the FMC, the structure will be optimized and analyzed in this
session.

A. Antirotation Structure Optimization

Further structure optimization is necessary for an FMC with
better antirotation properties. Based on the previous design
experience and combined with the former simulation, to main-
tain the transmitter and receiver inductances similar, the trans-
mitter coil is set up to consist of seven turns, and the receiver
includes two layers, and each layer has four turns. To minimize
the area occupied by the coil, the transmitter coil is designed
with four turns on the upper layer and three turns on the lower
layer, all tightly wound.

Fig. 7 analyzes the variations in mutual inductance when
the AUV is rotated from 0° to 360°. Fig. 7(a), (b), and (c)
shows the variation of mutual inductance when the transmitter
coils and each layer of receiver coils consist of four arcs and
the two layers of receiver coils are rotated by 0°, 22.5°, and
45°, respectively, between each other. The mutual inductance
fluctuations generated by the AUV rotation are larger when
there is no angular rotation between the two layers of receiver
coils. When the rotation angle between the two layers of receiver
coils is 22.5° and 45°, the magnitude of fluctuations in mutual
inductance decreases. Notably, the number of fluctuations of the
mutual inductance also becomes less when the rotation angle is
45°. As displayed in Fig. 7(d) and (f), when transmitter coils
and each layer of receiver coils consist of six arcs or eight arcs,
if there is no angle rotation between the two layers of receiver
coils, the fluctuations in mutual inductance will be greater than
the case when divided into four arcs. Although there exists an
angle rotation between the two layers of receiver coils, when
the transmitter coils and each layer of receiver coils consist of
more arcs, it leads to an increase in the number of fluctuations
of mutual inductance, as shown in Fig. 7(d) and (g). Therefore,
the transmitter coils and each layer of receiver coils consist of
four arcs, with 45° rotation between the two layers of receiver
coils as the optimal FMC structure.
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Once the structure of the FMC is determined, it is necessary
to optimize the arrangement of the magnetic core. To enhance
the power density of the magnetic coupler, we use a thinner
and lighter 0.2 mm nanocrystalline ribbon as the core material.
We simulate and compare the coupling parameters of different
magnetic core arrangements, as given in Table I. Since the
magnetic core can provide a gathering effect, adding them on the
inside of the receiver and the outside of the transmitter is most
effective. While keeping the total number of nanocrystalline
cores (also the total weight) constant, the areas and thicknesses
of different arrangements were compared. By comparison, it
is found that the coupling performance is optimal when the
magnetic core covers the entire surface.

B. Finite-Element Analysis

Through optimization analysis, the antirotation ability is the
best when the double-layer receiver coil is in an orthogonal
position. This structure helps to eliminate the mutual coupling
between windings. In this structure, the coupling ability is
strongest when the transmitter’s outer and receiver’s inner sides
completely cover the magnetic core.
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TABLE I
COMPARISON OF DIFFERENT MAGNETIC CORE ARRANGEMENT METHODS

Parameters (a) (b) (c)
Model example

Transmitter coil self-

inductance (xH) 77.92 84.06 94.52
Receiver coil self-

inductance (H) 72.59 77.51 89.03
Mutual inductance (uH) 21.52 24.27 32.82
Coupling coefficient 0.29 0.30 0.36

(a) Same width as single-side coil, magnetic core thickness 1.2 mm. (b) Double
width of single-side coil, core thickness 0.6 mm. (c) Magnetic cores cover the
entire surface with a thickness of 0.2 mm.

An excitation current with an amplitude of 20 A is applied
to the winding of the FMC. The distribution of the magnetic
field during the AUV’s rotation is analyzed using finite element
analysis [16]. Fig. 8 shows the distribution of the magnetic
field intensity vectors. The magnetic lines of force in the two
adjacent transmitter coils are in opposite directions. The centers
of the four transmitter coils act as magnetic poles, intercon-
nected through a magnetic core. The main magnetic flux passes
through the center of the transmitter coils, enters the receiver,

and then returns to the two ends of the transmitter coils. As
the AUV rotates, the position of the main magnetic flux shifts
correspondingly.

Due to the numerous precision instruments used for naviga-
tion inside the AUV, special attention is required to manage the
magnetic leakage of the magnetic coupler. The distribution of
magnetic induction intensity of the FMC is illustrated in Fig. 9.
When the AUV is aligned, the transmitter and outer layer of
receiver coils create a strong coupling region. Ata 22.5° rotation,
all coils show strong coupling at both ends, but with reduced
intensity. At a 45° rotation, the transmitter coils form a strong
coupling region with the inner layer of receiver coil, and the over-
all distribution resembles the aligned position. When the AUV
is centered, the maximum magnetic induction intensity between
the transmitter and receiver is 11.75 mT, while the minimum
at the central position is 24.1 nT. As the AUV rotates, these
extreme magnetic induction values remain largely unchanged,
effectively demonstrating this structure’s exceptional magnetic
shielding capability.

Fig. 10 illustrates the reluctance model of the proposed FMC.
Due to the symmetry of FMC, only a quarter part is taken for
analysis. Among them, F',, is the magnetomotive force generated
by the transmitter, and F; is the induced magnetomotive force
of the receiver. ®,, represents the self-coupling magnetic flux of
the transmitter, @, represents the self-coupling magnetic flux of
the receiver, and ®,,, represents the mutual coupling magnetic
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Fig. 10.

Reluctance model of the proposed flexible magnetic coupler.

flux of the magnetic coupler. R, is the core reluctance of the
transmitter, and R . is the core reluctance of the receiver. Ry, is the
emitter self-coupling region reluctance. Ry and R, represent
the self-coupling area reluctance of the receiver double-layer
coil. R, represents the mutual coupling area reluctance.
Define the number of turns of the transmitter coil as N, the
number of turns of the outer coil of the receiver as Ny, and the
number of turns of the inner coil as N,o. The relationship be-
tween leakage inductance and reluctance of FMC is as follows:

2
Ny

Lp_lea = R,
L _ (Na+N)?
slea = TR TR

ey

where L, |, is the leakage inductance of the transmitter, and
L 1ca 1s the leakage inductance of the receiver.

Then, the calculation equations for the self-inductance, mu-
tual inductance, and coupling coefficient of the FMC are derived
as follows:

Np | Np(Na1+Ns2)
= — —p  DNpUVs1TiVs2)
Ly = Lpjeat M =g + =57
— _ (N51+N51)2 Np(Ns1+Ns2)
L, = Ls_lea +M = Rs1+Rea R,
M = Ne(WNs1+Ns2) )

m

Rm = le_l + le_? + Rm1_3 + Rm2_1_a
FRm2 20+ B2 1 b+ Rz 2p

M M N, (Ng1 + Ny2)

L L () (e s )
3

k

where k is the coupling coefficient.

It can be seen from (2) and (3) that after the structural
parameters of the FMC are determined, the degree of coupling
mainly depends on the inductance of the self-coupling region
and the mutual coupling region.

When the FMC receiver rotates, due to the convergence of the
magnetic field by the magnetic cores on both sides, the length
of the magnetic circuits included in R,,1 1, Rin1 2, and Ryn1 3
changes slightly. The reluctance R,,, 2 1 o and R,, 2 2 , on the
left side of the receiver are complementary to the reluctance
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Fig. 11.  Equivalent circuit of series-series compensated WPT system using
first harmonic approximation.

R, 21 pand R, 2 o p on the right side. Therefore, the sum of
mutual inductance and reluctance remains basically constant,
laying the foundation for the stability of FMC mutual induc-
tance. In summary, the FMC can utilize its structural advantages
to enhance its antirotation capability.

IV. ENSURING SOFT SWITCHING FOR SYSTEMS WITH FMC

In WPT systems equipped with a FMC, ensuring soft switch-
ing under various operating conditions, including variable cou-
pling configurations and output power, is paramount [17]. While
phase shift modulation (PSM) is a common modulation strategy
that offers simplicity, it typically sacrifices soft switching under
light load conditions [18]. Conversely, PDM regulates system
power through pulse skipping, effectively achieving soft switch-
ing across the entire power range [19]. Therefore, this article
employs PDM to guarantee soft switching while managing
the system’s output power. Notably, a significant challenge in
WPT systems with an FMC lies in achieving soft switching
under varying coupler states, where both mutual inductance M
and transmitter self-inductance L,, can vary concurrently. This
aspect has not been comprehensively addressed in previous WPT
systems utilizing PDM.

A. Power Regulation by PDM

Based on the first harmonic approximation [20], the equiv-
alent circuit for the series-series compensated WPT system is
depictedin Fig. 11. Itincludes v, (vy), iy, (is), Ly, (Ls), Cp (Cs), R,
(Rs), and M, representing transmitting (receiving) voltage, cur-
rent, inductance, capacitance, series-equivalent resistances, and
mutual inductance. When considering the steady-state charging
of a battery via a high-frequency resonant converter, the bat-
tery can be approximated as a voltage load. In this scenario,
the receiving voltage (vs) of the system is in phase with the
receiving current (i) due to the diode rectifier, and its amplitude
is determined by the output dc voltage:

{|Us| = % - Ve out

4
g = Lig “)

where Vg out 1S the battery voltage on the output side.

The PDM scheme features a distinctive pulse pattern, as
illustrated in Fig. 12. While pulse generation in PDM can be
achieved through delta sigma modulation to facilitate continuous
density adjustments [21], this aspect is not explored in this article
due to space constraints. Moreover, the ratio of remaining pulses
to total switching cycles defines the pulse density, denoted by
D. By adjusting D, one can regulate the average output power
in WPT systems employing PDM, without impacting the input
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Fig. 12. Transmitting voltage and transmitting current of the WPT system
with different densities when using PDM.

impedance angle. This approach mitigates the adverse effects of
increased switching losses stemming from the absence of zero
voltage switching (ZVS) during voltage control via PSM. There-
fore, by manipulating D, the transferred power in a PDM-based
system can be formulated as follows:

2v/2 ‘
Pin == T -D- ‘/dc,in *lp - COS (einput) (5)
where 6i,p4 denotes the phase angle between the transmitting
voltage and the transmitting current.

B. Ensuring Soft Switching

To achieve soft switching, it is desirable for the input current
to exhibit inductive behavior when the switch activates, which
corresponds to 0y, being larger than zero. Systems equipped
with fixed couplers can operate at a slightly super-resonant
frequency [22] or by detuning the resonators [23] to facilitate
ZVS. However, the aforementioned approaches are typically
tailored for fixed couplers and have not been delved into in
the context of the flexible couplers presented in this article. To
demonstrate their viability, the system’s unbalanced factor x,,
and detuning factor x. are defined as follows:

PO Ly v,

VLY (6)
— CP‘LP

Te= T L.

When considering a lossless system, the input impedance an-
gle of the system can be determined by combining the equivalent
circuit depicted in Fig. 11 with (4), (5), (6)

2 2,2
(-5)- (- %)
2 2\ 2
£ ()
where w,, is the resonant frequency of the transmitting side of
the system and w is the operating frequency in the system.

By taking the partial derivative of the operating frequency in
the preceding formula, we can derive the subsequent equation
as follows:

0 tan(Binpur)

Ow

B 2w2k?w3 (z

Oinpuc = arctan

(7

— 1) + 2wlwa? (w? — w2)(ze — 1)

P
(2 — w2t Y

P

.
(

Xy (KPw? — a2
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Fig. 13. Input impedance angle of the WPT system under different x,,.

When the system is not detuned (i.e., x, = 1), the input
impedance angle exhibits a monotonic relationship with fre-
quency, which is influenced by the value of x,,. Fig. 13 illustrates
the input impedance angles of the system across various values
of x,,. Observations reveal that for x,, greater than 1, the system
experiences a monotonic increase, while for x, less than 1,
there is a monotonic decrease. This behavior aligns with the
conclusions drawn from (8). However, for the systems with
FMC, x,, is highly variable and can fluctuate above and below
I due to variations in L,,. Therefore, the system’s ZVS region
shifts within both the super-resonant and subresonant frequency
domains, as depicted in Fig. 13. Given these considerations,
it is unsuitable for the WPT system with FMC addressed in
this article to operate at nonresonant frequencies to achieve
soft switching. Therefore, the detuning design approach should
be considered. In this scenario, the input impedance angle of
the system when it operates at the receiving side’s resonant
frequency is given as follows:

(C))

Oinpuc = arctan

Itis noteworthy that the resonant frequency of the transmitting
side is not employed due to the flexible coupler’s propensity to
induce variations in L, under differing operational conditions,
subsequently altering the resonant frequency. Conversely, the
receiving side maintains a constant resonant frequency. As evi-
dent from (9), when x. surpasses 1, the input impedance angle
consistently remains above 0, remaining unaffected by both x,,
and k, and thus, remains impervious to coupler rotations. Fig. 14
illustrates the system’s input impedance angle when x. is 1.03,
revealing that it consistently exceeds 0 in a wide range of x,, and
k. Moreover, when the transmitter coil has expansions, resulting
in a larger L, x. continues to increase. Therefore, the system
retains its capability to execute soft switching, highlighting the
advantage of the detuning design approach in WPT systems
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Fig. 15.  Coil structural composition and overall layout of FMC.

featuring FMC. This assertion will be substantiated in the sub-
sequent experimental section.

V. EXPERIMENTAL VALIDATION

A 1 kW WPT prototype was constructed to validate the
FMC and the presented control method. This section provides
a detailed description of the prototype’s fabrication process and
conducts comprehensive functional validation of the prototype.
In previous work [24], we have explored that at an operating
frequency of 100 kHz, the transmission performance of WPT in
a seawater environment is almost equivalent to that in an air
environment. Therefore, seawater environmental experiments
will no longer be carried out in this article to speed up the
research progress.

Based on the optimized simulation results, the FMC’s struc-
ture was constructed as depicted in Fig. 15. This FMC employs
0.1 mm x 800 strands of Litz wire and utilizes a 0.2 mm thick
nanocrystalline strip as the magnetic core. The diameters of the
transmitter coil, the outer layer of the receiver coil, and the inner
layer of the receiver coil are 320, 280, and 270 mm, respectively.
The transmitter coil consists of seven turns, while both layers
of receiver coils comprise four turns each, all with a height of
200 mm. Each layer of the coupler comprises four curved coils,
each with an arc of 90°, and the coils are connected in series.
An acrylic base was designed to simulate the flexibility of the
magnetic coupler, allowing for the expansion and contraction of
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TABLE II
PARAMETERS OF PROTOTYPE COUPLER (IN FITTING STATE)

Parameters Value
Transmitter coil inductance L, 94 uH
Receiver coil inductance Lj 82.9 uH
Internal resistance of transmitter coil R, 305 mQ
Internal resistance of receiver coil Ry 282 mQ
Mutual inductance M 31.24 uH
Initial detuning factor x, 1.04

z P ¥
1. Programmable DC power supply 2. Programmable DC electronic load 3. Power Analyzer

4. Oscilloscope 5. Flexible magnetic coupler 6. Primary circuit board 7. Secondary circuit board

8. Resonant capacitor board 9. Six-degree-of-freedom multi-axis platform

Fig. 16.  Composition of the WPT system prototype and the distribution of the
experimental environment.

the transmitter coil and angular rotation of the receiver coils on
the base.

The parameters of the FMC are given in Table II. To facil-
itate the winding process, an acrylic shell was added between
the two layers of receiver coils, resulting in a decrease in the
self-inductance of the receiver coils and the mutual inductance
between the couplers compared to the simulated values.

The optimal resonant frequency for the prototype system was
established at 100 kHz. The prototype’s distribution and the
experimental environment are depicted in Fig. 16. The prototype
utilizes a Chroma 62 000 H programmable dc power supply to
provide energy input to the primary circuit, while the output
energy from the secondary circuit is directed to a Chroma
63 200 A dc electronic load. A LECROY WaveSurfer 4000 HD
high-precision oscilloscope captures waveforms at critical loca-
tions within the system. To analyze the energy transfer within
the system, a HIOKI PW6001 power analyzer is utilized. The
primary circuit includes a full-bridge inverter module, a sig-
nal processing module, a low-power supply module, an output
current acquisition module, and an output voltage acquisition
module. This design adheres to the principle of miniaturiza-
tion, resulting in space-saving. To ensure a compact design, an
external fan is added to the secondary circuit to improve the heat
dissipation capacity.

A. FMC Dimension Variation

Using a six-degree-of-freedom multiaxis platform, we tested
the transmission performance variation of the WPT system
before contracting the transmitter structure (with a diameter of
360 mm). The receiver’s centered position is defined as (0, 0),
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Fig. 18.  System waveform and power analysis. (a) Transmitter far from AUV.
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and its position after shifting x mm along the X-axis and y mm
along the Y-axis is defined as (x, y). The transmission perfor-
mance at various receiver positions was observed by keeping
the power supply voltage at 135 V and the load resistance at 5
) constant, as illustrated in Fig. 17. As the receiver contracts,
the mutual inductance slightly increases. Consequently, the sys-
tem’s transmission efficiency increases while the output power
decreases, which is consistent with the characteristics of the S-S
resonant compensation network.

When the FMC begins operation, its transmitter contracts
to a diameter of 300 mm. A comparison of the transmission
performance of the WPT system in two states is shown in Fig. 18.
The inverter outputs a square wave with a 50% duty cycle,
achieving good soft switching. In the 125 V constant voltage
output mode, the coupling coefficient and mutual inductance
increase as the transmitter contracts, leading to an overall dc—dc
transmission efficiency improvement of 4.86%.

B. FMC Antirotation Characteristics

The FMC we proposed demonstrates excellent antirotation
capabilities. From Fig. 7(a), it can be observed that one complete
cycle of AUV rotation occurs at45°. Considering half a cycle, the
system performance at three positions — 0°, 11.25°, and 22.5° -
is compared, as depicted in Fig. 19. When the AUV is aligned
at the center (0°), the system achieves its highest transmission
efficiency, reaching 91.87%. As the rotation angle increases, the
coupling coefficient and mutual inductance decrease slightly,
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Fig. 19. Comparison of WPT system performance when the AUV rotates 0°,

11.25°, and 22.5°.
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Fig.20. WPT system waveform and power analysis under a light load condi-
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Temperature distribution of WPT system prototype.

reducing system efficiency. Due to its outstanding antirotation
capabilities, the maximum decrease in system efficiency is only
1.03%. More importantly, the system can achieve soft switching
when the AUV rotates to any angle.

C. Light Load Performance and System Temperature

Fig. 20 shows the experimental result of the system at
D = 0.6, enabling soft switching. The system performs similarly
in other light load conditions, guaranteeing soft switching and
high efficiency. During the system’s operation, each compo-
nent’s temperature distribution was observed using a thermal
imaging camera, as shown in Fig. 21. The temperature distri-
bution of the magnetic core in the magnetic coupler is uniform,
with the highest temperature observed at the edges, reaching
49.9°C. The primary and secondary circuit boards of the system
are equipped with efficient heat dissipation modules, ensuring
that the temperature is controlled at a low level.
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TABLE III
COMPARISON BETWEEN PROPOSED METHOD AND SIMILAR WORKS

Anti-rotation

Display view Reference Power level Efficiency ability
Zhang et o
al. [10] 500 W 90% * %
Chen et 1000 W 92.85% N/A
al. [12]
Wu et al. 960 W 90.9% *
[15]
Zeng et 200 W 92.25% *
al. [25]

This article 890 W 91.87% ok k

VI. COMPARISON WITH SIMILAR WORK

The comparison of the data from this article with similar
research is given in Table III. The output power and trans-
mission efficiency of the WPT system designed in this article
have reached current standards. Notably, the FMC proposed in
this article is a novel method for integration with underwater
charging platforms, enhancing the stability of WPT system
transmission and the versatility of underwater charging plat-
forms. Additionally, based on the FMC structure, antirotation
optimization has been carried out, effectively addressing the
issue of low efficiency when there is an angle difference between
the coils.

VII. CONCLUSION

This article proposes a novel antirotational FMC for WPT
systems to AUVs. The structure of the transmitter allows for
adaptation to the adjustable cage of the charging platform. By
optimizing, the FMC consisting of a single-layer transmitter coil
and a double-layer receiver coil with a 45° rotation between
receiver layers, it shows excellent antirotation capability over a
360° range. Additionally, the FMC’s magnetic field is uniformly
distributed and concentrated between the coupler’s magnetic
cores, minimizing interference with the AUV’s internal equip-
ment. To address the resonance state changes caused by coupling
parameter variations during the operation of the FMC, PDM,
and detuning design of resonators are introduced to realize soft
switching in the presented WPT system. Experimental results
show that, while maintaining an output power of 890 W, the
contraction of the FMC’s transmitter can increase the system’s
dc—dc efficiency by 4.86%. Moreover, the system soft switching
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is realized when the AUV undergoes a rotation of 360°, and the
maximum fluctuation in efficiency is only 1.03%.
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