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Development of a Fit-to-Surface and Lightweight
Magnetic Coupler for Autonomous Underwater
Vehicle Wireless Charging Systems

Chunwei Cai¥, Shuai Wu

Abstract—A novel magnetic coupler (MC) with cross-coupling
mode is proposed in this article, which has merits of fit-to-surface
and lightweight in receiver, and supports stable and efficient charg-
ing for autonomous underwater vehicles (AUVs). The proposed
magnetic structure employing an arc bipolar transmitter and a
compact dipole-coil-based receiver utilizes horizontal flux to estab-
lish strong and stable coupling against three-dimensional misalign-
ment; the MC structure is constructed and optimized according
to the magnetic field distribution characteristics. The influence
of geometric parameters on the MC’s performance is obtained
based on ANSYS Maxwell simulation, with which the parameters
of MC are optimized. In order to fully verify the performance of
the designed MC, an AUV wireless charging system circuit is also
developed. A wireless charging system prototype is built and tested
with a 600 g receiver, and it can deliver 1 kW at a dc-to-dc effi-
ciency of 95.1%. The experimental results under various operating
conditions indicate that the proposed MC is viable and can be used
for charging the AUVs.

Index Terms—Autonomous underwater vehicle (AUV), magnetic
coupler (MC), wireless charging.

I. INTRODUCTION

UTONOMOUS underwater vehicles (AUVs) play an in-

dispensable role in ocean resources exploration, marine
homeland security inspection, and so on [1]-[4]. However, the
limited endurance and restricted cruising range have become
the bottlenecks in the wide application of the AUVs [5]. The
traditional way of wired recharging or battery swapping is
complicated and time-consuming, resulting in the inflexibility
of the AUV [6], [7].
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Wireless charging technology has spawned many applications
including automatic guided vehicles [8], electric vehicles [9],
[10], unmanned aerial vehicles [11], and AUVs [5], [12]-[20].
Compared to the wired charging technology, wireless charging
system is more reliable and easier to automate the charging
progress, since there are no physical connections. The conve-
nience of the self-charging for AUVs is an important step to
promote the further development of AUVs. This will greatly
simplify the charging process and effectively expand the opera-
tion range of AUVs. So, the wireless charging is one of the key
technologies to extend the cruising range of the AUVs.

A typical wireless charging system for the AUVs can be di-
vided into three main components: power supply, magnetic cou-
pler (MC), and pick-up. The MC is the core component of a wire-
less charging system that directly determines the magnetic field
patterns and link’s performance. Magnetic design is extremely
relevant to the application abject. In the past, numerous special
MCs have been proposed for the AUV wireless charging [5],
[12]-[20]. Among them, cone type, ¢ type, curly coil structure,
coaxial ring type, and three-phase ring type are several typical
geometries of MC. A cone-type MC, which sets the elevation
angle of the transmitting coil and the receiving coil at 45°, is
proposed in [12]. The coupling coefficient of the cone-type MC
canreach 0.78 when the gap is 5 mm, resulting in excellent power
transmission capability and high efficiency. In this article, the
gap refers to the distance between receiver and transmitter, and
the intermediate medium in the gap is seawater rather than air.
Unfortunately, as there is a convex in the receiver, it will change
the original arc outward appearance of AUV’s hull. As a result,
the water flow resistance increases, and the mission time would
be shorted accordingly. The pot-type MC, published in [13], has
the same flux pattern compared to a cone type. It is much easier to
be built since the standard pot magnetic core can be used to make
a pot-type MC. But it suffers from the same complication that
the AUV shape requires major modifications to obtain optimal
performance. Recent studies focus on the development of MC
that closely fits the AUV special arc surface. In [14], the standard
E-core is modified to obtain an e-type MC, and in [15], the tra-
ditional DD pad is converted to a curly coil structure. Since they
all have an arc surface, the transmitter and receiver can closely
attach to inner and outer arc surfaces of AUV, respectively.
However, the coupling coefficient of e-type MC is changing
drastically for misalignment, leading to power controller design
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difficultly. The curly coil structure has the advantages of strong
tolerance to rolling misalignment and small size, but it will bear
huge pressure inside the AUV shell due to the pressure of seawa-
ter, which may change the parameters of MC in underwater envi-
ronment [21]. A coaxial ring-type MC, reported in [ 16], commits
to improving the rotational robustness, in which the coaxial coil
and ferrite core fitted with AUV’s arc hull are adopted in the
transmitter and the receiver, respectively. Since the throw flux
by the transmitter is evenly distributed around the AUV’s hull,
the self-inductance and mutual-inductance are almost unaffected
by the rotation misalignment. Further research by Kan et al.
[5] indicated that there is a strong leakage magnetic flux inside
the AUV. To address this problem, Kan et al. [5] proposed a
three-phase segmented ring MC, in which the ring-type magnetic
core of receiver was segmented to three parts and there are three
transmitters correspondingly. The research revealed that the
magnetic flux was converged in the area near the AUV shell, and
there was no magnetic leakage interference in the center of AUV.
However, the ring-type MC will use a large amount of ferrite core
when it is applied to a large diameter AUV, which will increase
the AUV’s weight too much. Consequently, it is still a challenge
in designing an MC when all the four aspects are considered,
which are no change to AUV arc hull shape, low weight, small
operation space of magnetic flux, and robust to misalignment.

As a candidate of AUV wireless charging, a novel magnetic
structure is proposed with a comprehensive consideration of the
four aforementioned performance aspects: weight of receiver,
leakage magnetic flux, adaptability to AUV arc hull shape,
tolerance to misalignment. And then, the influence of geometric
parameters on the MC’s performance is obtained based on
ANSYS Maxwell simulation, with which the parameters of MC
are optimized. To further verify the performance of the proposed
MC, a wireless charging circuit and prototype design are detailed
for AUV application. The validity of the proposal is also verified
by simulations and experiments.

II. ANALYSIS AND DESIGN OF THE PROPOSED MC
A. MC Design Fundaments

Coupling coefficient k is the most important parameter of
an MC, since increasing k is the best approach for system
performance improvement as output power can be improved as
square of k, and it can also effectively increase the link efficiency
[22]. The realization of the good power transfer performance
for a wireless charging system requires not only good coupling
capability but also high tolerance to the misalignment. The gen-
eral AUV is an underactuated system, so AUV is not convenient
for fine position adjustments after driving into the dock station,
it is difficult to achieve precise alignment of the receiver to
transmitter every time. Once misalignment occurs, the variations
of magnetic parameters will constantly exist, which will reduce
the system output capacity. The leakage magnetic flux does not
directly contribute to the performance of the power transfer, but it
inevitably appears in a wireless charging system. It is important
to manage the leakage flux to prevent its adverse effect on an
AUV’s internal electronics devices. A good magnetic design
is a compromise among all the aforementioned performance
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Fig. 1. (a) Photograph of the application object of the developed wireless
charging system. (b) Axial section of the battery bunker of the AUV.

indicators. In summary, the MC design requirements for the
AUV wireless charging are suggested as follows.

1) spare the change of the original arc shape of AUV’s hull,
which means that the transmitter and the receiver can fit
to the surface of AUVs;

2) adequate tolerance capacity to the misalignment;

3) high coupling ability;

4) small magnetic field operating space and a lightweight
receiver design;

5) simple structure and easy to install.

Magnetic design aims to fulfill the functional requirements
of the application on an AUV. The receiver should be flexible
to adapt to the AUV arc shape, compact to minimize the AUV
space requirements, and easy to install. Nowadays, the emerging
composite materials with the high specific strength and high
specific modulus properties, such as fiberglass, are commonly
used as the hull material for AUVs, which makes it possible to
install the receiver in the AUV without affecting the original arc
shape of the AUV’s hull. According to the installation position
of the receiver, it can be divided into installing the receiver
outside the AUV shell, inside the shell (wrapped by the shell),
and inside the AUV. If the receiver is installed outside the AUV,
it will certainly increase the water resistance of AUV during
navigation. If it is installed inside the AUV shell, it will increase
the manufacturing difficulty of the AUV shell and reduce the
mechanical strength of the shell. Installing the receiver inside
the AUV will not increase the resistance of AUV operation, nor
increase the difficulty of AUV manufacturing.

Usually, there are numerous precise sensors installed toward
the head of the AUVs, the thrusters are placed at the tail, only
the battery bunker in the middle of the AUV has space to
install the pick-up. Fig. 1 shows the actual application object
in this design and its axial section of the battery bunker, a
cuboid lithium-battery is placed in the middle position, and
two arc-shaped areas above (Al) and below (A2) the battery
are available, and the upper area is expected to be filled with
solid buoyant material. Therefore, this research concludes the
placement of the receiver in the A2. In order to avoid adverse
effects on the other existing electronics, the strong magnetic
field operation space should be less than 80 mm.

B. Fundamental Flux Design

The role of a transmitter is to throw a desirable pattern of
magnetic flux in a given space. Meanwhile, the receiver needs
to capture the most magnetic flux around the transmitter it can.
Therefore, the key in the design of an MC is the magnetic flux
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Fig. 2. Typical magnetic field type. (a) Nonpolarized. (b) Polarized.

pattern design. The pattern of the fundamental flux depends even
more on the geometry of coil and transmitter ferrite core. There
are two typical types of transmitters [23], [24], nonpolarized
and polarized, and their magnetic field shape is shown in Fig. 2.
Polarized arc DD MC and nonpolarized arc circular MC have
been tried to apply in AUV wireless charging by Ressurreigdo
et al. [25] and Lin et al. [16], respectively.

Nonpolarized magnetic field [as shown in Fig. 2(a)] has only
one magnetic pole at the center of a single coil. Its main magnetic
flux is thrown from region A5 and returned by A3 and A7. To
achieve magnetic coupling between transmitter and receiver, the
receiving coil needs to enclose the flux in the AS. It should be
noted that the return flux of A3 and A7 cannot be included in the
receiving coil otherwise the thrown flux and the return flux will
be offset. Therefore, the two sides of the receiving coil should be
located in the A4 and A6, respectively. And then the main flux in
the AS can be exactly captured, henceforth the returned flux in
the A3 and A7 will not have the offset effect. Polarized magnetic
field [as shown in Fig. 2(b)] has two opposing magnetic poles at
the center of two coils, so it can also be called a bipolar magnetic
field. The main flux is thrown from All and returned from
A9 after passing through A13. The flux counteraction problem
caused by the reverse flux in A9 and A11 should also be avoided.
In order to do this, the two sides of the receiving coil can be
located in A10 and above A 13, respectively, to capture the flux
in A13.

On the premise of using the same ferrite core, the A10 is larger
than the A4 (or A6) region. So, the bipolar coupling mode has
a larger removable range for the receiving coil than the unipolar
coupling mode. In addition, the A3 and A7 in the nonpolarized
magnetic field are the returned regions of the main flux, and
there are still strong magnetic fields in the two regions, which
will generate strong leakage interference to the surroundings.
The A8 and A12 in the bipolar magnetic field are the leakage
flux regions, and no ferrite is used under them. Ferrite cores
are used below the A13 of the main flux, so the reluctance of
the main flux circuit is much smaller than that of the leakage
flux circuit. As shown in Fig. 2(b), the magnetic fields in A8
and A10 are weak according to the density of magnetic lines.
The bipolar coupling method has a better convergence effect
on magnetic field and less magnetic leakage interference to the
surroundings than the unipolar coupling method in the mall gap
occasion. It can be seen that the bipolar coupled magnetic field
has obvious advantages in reducing the misalignment sensitivity,
improving the effective coupling flux, and reducing the leakage
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Fig. 3. Arc bipolar transmitter. (a) Geometry. (b) Magnetic field distribution
by the ANASYS Maxwell.
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Fig. 4. Bipolar MC with air-core receiving coil. (a) Overall structure. (b)
Magnetic flux distributions.

flux operating space. Therefore, the bipolar coupled magnetic
field is chosen in this article.

Traditional bipolar transmitting pads are flat; there will be
large gap when the plat transmitter is directly applied to the AUV
with arc shape. The smaller the gap is, the stronger coupling
ability, the better constrained magnetic leakage flux, and the
smaller eddy current loss in seawater will be. Therefore, it is
necessary to arc the traditional planar transmitter according to
the actual shape of AUV. When arc the bipolar transmitter, two
magnetic poles can be selected to be distributed along the AUV
axis, or two magnetic poles can be selected to be distributed
along the circumference of the shell of the AUV. This article
chooses the latter scheme, as shown in Fig. 3(a). By doing so, the
distance between the two magnetic poles can be appropriately
shortened, and the magnetic flux density and coupling ability
can be improved. The current direction of each coil is reversed,
which leads to the reversed polarity of magnetic flux density B
at each pole, as shown in Fig. 3(b). It can also be found that
the main flux circulates in two adjacent magnetic poles and the
flux is mainly distributed at the bottom of AUV hull, which
can effectively reduce the operating magnetic field space of the
wireless charging system.

Further analysis of the bipolar magnetic field is shown in
Fig. 3(b). It is indicated that the main magnetic flux enters
the AUV through one pole of transmitter, passes through the
space bottom of the AUV, and then flow out from the other pole.
The horizontal flux above the middle position of the transmitter
[the dotted line position of Fig. 3(b)] is formed. If a vertical
receiving coil is placed at the dotted line in Fig. 3(b), the thrown
flux will be captured by the receiving coil. Therefore, the MC
using cross-coupling mode shown in Fig. 4(a) can be developed.
A finite-element simulation model is built to verify the capturing
flux capability, as shown in Fig. 4(b); it is found that the flux
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Fig. 6. (a) Equivalent circuit diagram of the proposed MC. (b) Induction
voltage of the receiving coil from the two transmitting coils.

does pass through the receiving coil, and is also gathered near
the AUV hull.

C. Reducing Receiver Volume by Adding Guide Ferrite

The AUV’s internal space is extremely limited, which makes
it an eternal pursuit for designers to compress the space occupied
by the receiver as much as possible. Adding magnetic cores is
an effective way to collect and guide magnetic flux toward the
direction of expectation. Meanwhile, the density of copper is
higher than that of ferrite; the use of ferrite on the receiver can
reduce the copper consumption of coil with the same Lg. In order
to further reduce the volume and magnetic field operating space
of the receiver, a guiding ferrite core is added to the receiving
coil, and the small volume MC is obtained as shown in Fig. 5.
The receiver is equipped with a small I-type ferrite core, and the
receiving coil is wound on the outer side of the core. Fig. 5(c)
shows the magnetic flux vector of the MC after adding the core
at the receiver. It can be seen that the main flux is guided by the
core through the receiving coil, and the magnetic field operating
space is effectively converged.

D. Transmission Characteristics Analysis

For further analysis of the proposed MC, the equivalent circuit
is presented, as shown in Fig. 6, where the Lp; (i = 1, 2) is
self-inductance of the ith transmitting coil, Lg is self-inductance
of the receiving coil, Mp,_g is mutual inductance between the
ith transmitting coil and the receiving coil, Mp;_ps is mutual
inductance between the two transmitting coil, Ug is the inductive
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voltage of the receiving coil, and /p and Ig are the current
flowing through the transmitting coil and the receiving coil,
respectively. The advantage of the MC proposed in this article
is that the magnetic flux emitted by any transmitting coil is
mutually reinforcing to the receiving coil, and it is impossible
to cancel each other. As shown in Fig. 6(b), if any transmitting
coil has coupling with the receiving coil, the receiving coil will
have induction voltage. Therefore, the developed MC has no
dead point.

E. Overall Configuration

The overall configuration of the designed AUV underwater
recharging station is shown in Fig. 7. During the charging
process, the auxiliary clamping devices are extended to the AUV
hull, which can well cope with the dynamic disturbance of water
flow and effectively short the gap. The transmitter is embedded
in one of the clamping devices to perform the charging task.

FE. Interoperability Study of the Proposed MC

Considering the fact that there will be many AUVs with
different diameters and power classes sharing one underwater
charging station in the future, the interoperability of the transmit-
ter for AUVs with different diameters and different power levels
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Fig. 9. MC. (a) Misalignment. (b) Design variables in transmitter. (c) Design
variables in receiver.

is also an important aspect to be considered. This part studies
the interoperability of the MC for AUV of different diameters,
and the power interoperability research will be carried out later.

In order to be compatible with AUV with different diameters,
the transmitter needs to be designed according to the maxi-
mum diameter AUV. As shown in Fig. 8(a) and (b), with the
same transmitter, the receiver of the proposed MC is placed
at the bottom of the AUV and occupies a small radian, so the
transmitter and receiver always ensure a small gap when used
with AUVs of different diameters. However, in the traditional
face-to-face coil structure [15], the gap will change greatly as
shown in Fig. 8(c). Because the receiver of this proposal occupies
asmall arc of AUV, and the gap change caused by different AUV
diameters is very small. Therefore, the proposal in this article
has good performance in the compatibility of AUV with different
diameters.

III. PRACTICAL PARAMETERS DESIGN OF THE PROPOSED MC

The magnetic structure can only roughly determine the flux
pattern, and the excellent performance of the wireless charging
system depends more on the optimal magnetic parameters. In
this research, a three-dimensional finite-element analysis via
ANSYS Maxwell is used to carry out the parameter design
of the MC. The coupling coefficient, misalignment tolerance,
and weight and volume are coupled with each other; the main
objective of parameter design in this article is to balance those
three performances.

A. MC Design Variables

When AUV homes and docks to recharging station, there
will be inevitable rotational misalignment, axial misalignment,
and gap variation [as shown in Fig. 9(a)]. AUV has the self-
stabilizing mechanism, and the recharging docks are always
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TABLE I
PARAMETERS OF AUV HULL AND MISALIGNMENT RANGE

Parameters Value
Diameter of AUV 300 mm
Thickness of AUV hull 4 mm
Rotational misalignment [=10°, 10°]

Axial misalignment [-30 mm, 30 mm]

Gap variation [8 mm, 18 mm]

| — Ratational 0°
4 - --- Ratational 2°
—e—Ratational 4°
--+- Ratational 6°
—=—Ratational 8°
--= - Ratational 10°
—e—Ratational 12°

10 15 20 25 30 35 40 45 50 " Ratational 14°
W, (mm)

Fig. 10.  k variation with W1.

located in the place where the ocean currents flow smoothly.
So, AUV will only roll within a small angle. The AUV’s hull
parameters and the misalignment range that may occur during
charging are summarized in Table I.

There are many variable parameters in the proposed MC; it
is difficult to take all variables into account comprehensively.
In this research, the size of the arc core at the transmitter
is preliminarily determined by the requirements of rotational
misalignment. The angle of 20° (rotational misalignment range)
corresponds to the chord length of 52 mm. Besides, it is nec-
essary to take the fact that the receiver has a certain length
into consideration, and then the length, width, and thickness
of the transmitting arc ferrite strip are set to be 118, 12, and
24 mm, respectively. The width of the transmitting core can
be changed since multiple transmitting arc ferrite strips can
be spliced together. Above all, the optimum design of the MC
aims at seven parameters: the transmitting coil width Wy, gap G
between transmitting coil and transmitting ferrite, transmitting
core width Wy, receiving core thickness Hp, receiving core
length L, receiving core width W3, and receiving coil width
W, as shown in Fig. 9.

B. Investigating Transmitting Coil Width W 4

The effect of W; on k with different rotational degrees is
investigated; results are shown in Fig. 10. It shows that when the
rotational degree is small (such as 0°-6°), k has extremum. When
the rotational misalignment is greater than or equal to 8°, there
is no extremum of k, and the curve shows an increasing trend. It
should be noted that when the dislocation is no smaller than 8°,
the slope of the corresponding curve increases gradually with
the increase of the rotating degree, so increasing W can reduce
the change degree of the parameters caused by the dislocation.
To ensure the charging reliability, 50 mm with low sensitivity to
rotational misalignment is selected as Wj.
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C. Gap G Between Transmitting Coil and Transmitting Ferrite

The graph of Fig. 11 shows k variations as G increases. The
k decreases gradually with the increase of G, but the reduction
is small. If G is too small, the transmitting ferrite may not fit
closely with the transmitting coil in actual MC development.
Therefore, the G is set as 2° to simplify the installation task.

D. Ferrite Thickness H; and Length L ; of Receiver

The graph of Fig. 12(a) shows k variations as H; increasing
with different rotational misalignment. The extremum of each
curve appears near H; equal to 20 mm. If H; is 10 mm, k will
decrease by 0.24 when the rotational misalignment increases
from 0° to 14°, and if H; is 50 mm, k will decrease by 0.22. The
k drop caused by rotational misalignment is almost the same,
which indicates that the sensitivity to rotational misalignment is
almost independent of H;. As the stronger coupling can lead to
the high-power transmission efficiency, H; is set as 20 mm.

By changing L, the variation of the k is measured as shown
in Fig. 12(b). It is shown that each curve has an increasing trend,
that is, under the same rotational degree, the larger the L;, the
stronger the coupling ability. It can also discover that the slope
of the curve decreases with the increase of the rotational degree,
that is, increasing L; will boost the sensibility to rotational
misalignment. When L, is 60 mm, kdrops 0.1 as rotating 10°, and
the fluctuation of the parameters of the MC is small. Therefore,
L, is selected to be 60 mm.

In the above analysis, the parameters, mainly affecting sen-
sitivity to rotational misalignment capability, have been deter-
mined. On the basis of the above parameters, the Wy and W5
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together determine the tolerance capability to the axial mis-
alignment. According to the requirements of axial misalignment
and the design method of parameter scanning, the change rule
of coupling parameters can also be found when Wy and W3
change, so as to complete the parameter optimization. Due to
the limitation of page size, this part will not be repeated. Finally,
Ws is chosen as 48 mm and W5 as 60 mm. The output voltage of
the system is related to mutual inductance M and Lp, according
to the following analysis results. In order to improve the output
voltage level, the best way is to increase M without increasing
the Lp, that is, to increase the receiver self-inductance Lg. Since
the length and width of the receiving core have been determined,
enhancing the Lg can only be achieved by increasing the number
of receiving coil turns. There are two ways to increase the re-
ceiving coil turns in terms of increasing W, and adding winding
layer of the coil. Adding the number of the winding layers will
increase the gap between the transmitter and receiving core,
which will reduce the coupling ability. Therefore, the way of
winding a single-layer coil on the receiving core and covering
all the receiving core with coil is chosen, which means that W,
is set to 60 mm.

IV. CIRCUIT DEVELOPMENT AND EFFICIENCY IMPROVEMENT
FOR THE BEST PERFORMANCE OF THE PROPOSED MC

A. System Circuit Structure Development

Inorder to fully verify the performance of the designed MC, an
AUV wireless charging system circuit is developed, as shown in
Fig. 13; it consists of two independent parts named power supply
and pick-up. Upc is the dc power supply voltage. Uty and Iy
are the output voltage and current of the inverter, respectively.
U,y 1s the output voltage of the LCC-S resonant compensation
network, and is also the input voltage of the rectifier. Uy, and
1. are the voltage and current of the intermediate dc bus, re-
spectively. Up and I are the charge voltage and charge current,
respectively. R.q and Rq. are the equivalent resistances on the
input and output sides of the rectifier, respectively.

In the power-supply side, a dc voltage source Upc (100 V) is
used to feed the whole system, and it is converted to 50 kHz ac
voltage Uy through the H-bridge inverter. The LCC compensa-
tion circuit is adopted in the power supply to produce a constant
excitation current for the transmitter of the MC. Therefore, a
near-constant magnetic field is generated.
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Zny,

Fig. 14.  Equivalent circuit of the wireless charging system.

Through the MC, energy is delivered from power-supply side
to receiver via the magnetic field. On the pick-up side, series
compensation is adopted. An H-bridge rectifier and capacitive
filter are used to supply dc power to a buck converter. Then, the
dc power is regulated by the buck converter to achieve CC/CV
charging for the AUV battery.

B. Power Transfer Channel Output Voltage Deriving

Fundamental mode analysis is commonly used to analyze
the resonant tank, in which only the fundamental harmonic is
considered for simplicity. Since the series compensation is used
at the pick-up, the input current of the rectifier is a sine ware,
a capacitor filter is used to smooth the output current /4. of
the rectifier. According to papers [26] and [27], the equivalent
resistance R.q at the input side of the rectifier and output voltage
of the rectifier are derived as

8Rdc

Req = 7 (1)
V2rU, u

Uge =~ ©)

The inverter uses phase-shift modulation scheme, but its
conduction angle is constant. The reason is that more power
margin is reserved for the system to meet the demand of higher
power. As mentioned in [23], the fundamental output voltage
Ui of the inverter is dependent on conduction angle ®, defined
as

UIN = &UDC sin (¢> . (3)
us 2

Then, the equivalent circuit model of the proposed wireless
charging system can be obtained, as shown in Fig. 14. Here, Zin
and Zg represent the output impedance of the inverter and input
impedance of the pick-up circuit, respectively. Z; is reflection
impedance, which represents the loading effect of the pick-up on
the power supply. Ignoring the parasitic resistance of the coils,
71N, Zs, and Z, can be represented by the following:

. 1 . 1
ZiNn = jwly + m//[JW(LP - CUTC’Q) + (X + R))]

(4a)
_ 1 (wM)?
Zs = jwlLg + —— Z =R+ X, = — "’
5 = jw S+jWCS+Req R, + s
(4b)

9933
The excitation current of the transmitter can be given by
IP _ % 1/jw01
Zin (1/jwCh) + jw[Lp = 1/(@?Ca)] + (X; + Re)
(&)

From Fig. 14 and (5), the output voltage of the LCC-S resonant
channel at resonance condition can be represented by
U _ jWMIP . MUIN
o jwLs +1/jwCs + Req  Lp — 1/(w2Cy)

Combining (2), (3), and (6), the voltage of the intermediate
dc bus becomes

(6)

\/éﬂ' MU, IN

4 Lp - 1/(w202)
which represents the dc-to-dc steady-state transfer character-
istic. The pick-up behaves like a voltage source and a dc—dc

converter can be cascaded to the rectifier for regulating the
current flowing to the battery.

Uge = (7

C. System Parameters Design

According to Fig. 14, the system link efficiency of the pro-
posed wireless charging system can be expressed as
o Rr Req
Ry + Rp Req + Rs
B 1
C1+1/a+ (a+2+1/a)/(k2QcpQcs)

where “a” is a defined variable to simplify (8); Qcp and Qcs
are the quality factors of the transmitting and receiving coils,
respectively, and they can be expressed as

wLp

Req
= — = —-—. 9
R Qcp T Qcs s )

Then, by differentiating n, with respect to a and equating the
differential function to zero, the maximum link efficiency can
be obtained as

L

®)

st

a =

k*QcpQcs

(14++/1+ kZQCPQCS)2

(10)

L—max =

which is achieved at

Amax = V 1+ kQQLPQLS = Requax
= Rs/1+ E2QrpQus. (11)

According to the relationship between Rgy. and Rqq in (2),
the optimum value of R4, for maximum link efficiency can be
obtained atRgc_max = 77'2RS v 1+ k‘2QLpQLs/8.

The parameters of the MC measured by HIOKI LCR Meter
are shown in Fig. 15. Combining the tested results of the MC,
the value of Rgc-max can be worked out, and it is 14.6 2.

As shown in Fig. 16, during the CC/CV charging process, the
CC charging is used at the beginning until the charge voltage
reaches the rated value. Then the charging mode switches to CV
charging, and the charge current decreases accordingly. When
the charge current is lower than the rated value, the charging
process is completed. The equivalent load resistance of the
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charging battery Rpcq, which is defined as the ratio of charge
voltage Up to charge current /g, increases with the charge time.
In this article, an 11 A-CC/54 V-CV charging system is needed,
in which the variation range of R is 3.3—4.9 Q2 in CC stage and
4.9-54 2 in CV stage. The maximum charging power point is at
the switch point from CC to CV, and the Rp¢q of the maximum
power point is 4.9 €.

The variation of link efficiency 7, and charging power Pp
with equivalent load resistance Rpeq in the charging process is
shown in Fig. 17. It can be found that the high-power area does
not coincide with the high efficiency area. When Pg is above
400 W, the range of Rpeq is 3.3-7.3 €2, and the link efficiency
is relatively low in this stage. A large amount of energy will be
lost in the coupling channel and the complexity of the cooling
system design will also be elevated.

In order to realize high-efficiency energy transmission of the
wireless charging system, this article proposes a scheme to shift
the link-efficiency curve to the left by using the impedance
transformation ability of dc—dc converter [Rqc = f(Rpeq, D)I;
the schematic diagram of the efficiency optimization design
is shown in Fig. 18. The D is the duty cycle of the dc—dc
converter. By doing this, the high-power stage will coincide with
the high-efficiency stage. As shown in Fig. 16, most time of the
charging process is occupied by the high-power section during

Magnetic parameters of (a) transmitter and (b) receiver measured by
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Up=f(Use, D)
Ig=f(lse. D)

Ru=t(Rpeq. D)
Fig. 18.  Schematic diagram of efficiency optimization design.
TABLE II
OUTPUT CHARGE VOLTAGE AND INPUT RESISTANCE OF BASIC DC-DC
CONVERTERS
Tovolo Output Input Input

pology voltage Up resistance Ryc resistance range
Buck DU, Ry, /! D? Ryeq to +o0
Boost Uy /(1=D) (1= DRy, 0 t0 Rpeq

Buck-Boost DU, /(1-D) (1=D*)Ry 1 D? 0 to +o

the charging process, and the change of resistance in the high-
power section is very small. Therefore, through the efficiency
optimization design, to adjust the R of the high-power charging
stage close to the Rq..max 1S feasible and the loss in the whole
charging process will be greatly reduced.

The impedance transformation function in Fig. 18 depends on
the type of the dc—dc converters used. For example, in a buck
converter, the output charge voltage Up is

Up = DUgc. (12)

Neglecting the power losses of the buck converter, the follow-
ing equation is obtained:
Ude _ Uz
Rdc Rch .

By incorporating (11) and (12), the input resistance of the
buck converter can be obtained

13)

o RBeq
= Jg -

Similarly, the output charge voltage and input resistance of
any type of dc—dc converter can be obtained. Three typical dc—dc
converter features are listed in Table II.

To move the efficiency curve to the left requires to adjust
the Rq. to higher values than the Rp.q. The input resistance
of the boost converter is limited to the range from 0 to Rpeq-
The buck—boost converter increases the complexity of driver.
Therefore, the buck converter is selected in this design.

By adjusting the duty cycle of the buck, the degree that the
curve moves to the left can be controlled. In the above analysis,
it is known that the charge power is the largest when the Rpcq is
4.9 Q, the corresponding charging voltage Ug is 54 V, and the
Rg. of the maximum link efficiency is 14.6 €. According to (14),
the optimal duty cycle D of the buck circuit is 0.5795. Fig. 19
shows the change of charging power and link efficiency with
RBeq When the duty cycle D of buck converter in CV charging
section is 0.5795. It has been considered that the duty cycle of
CC charging stage cannot reach 0.5795. It can be found that

Rac (14)
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Fig. 20.  Experimental models of the proposed MC.

the high charging power section of 400 W or above exactly
corresponds to the high link-efficiency section. It is confirmed
that the purpose of system efficiency optimization design is
achieved by using this proposal, which means that in the process
of CC/CV charging, the high-efficiency transmission is also
ensured.

The MC misalignment causes the k reduction, which further
affects the output voltage of the LCC-S wireless power supply
network. If the voltage of the intermediate dc bus Uy, is set to
93.2 V (corresponding to D = 0.579) under the condition of
precise alignment, the effect of system efficiency improvement
is not obvious due to the misalignment in the actual underwater
application. Therefore, it is necessary to consider the misalign-
ment in advance when setting the Ug.. In Section V, it is found
that the maximum drop of k is 23%. Considering that the system
usually works in a small dislocation, on the basis of the ideal
value of 93.2 V, the Uq4. increases by about 20%, that is, the
Uqc 1s designed to be 110 V. Eventually, the parameters of
compensation elements can be determined based on (7) and
resonance condition.

V. SIMULATIONS AND PRACTICAL VALIDATION

The influence of geometric parameters on the performance
of the MC has been obtained in the above analysis, and the
ideal parameters have been preliminarily selected. For practical
validation of the proposal, prototypes of the proposed MC were
manufactured as shown in Fig. 20. The prototype is only used
as the structure description, and the actual test prototype also
has a waterproof layer. Unfortunately, some ideal geometric
parameters may not be realized in practice limited by existing
standard ferrite strips, some of them are compromised according
to the actual situation resulting in the parameters of the MC
shown in Table III. The weight of the receiver in this design is
600 g.

9935

Receiver

Ferrite
\

Transmitter

100mm (r)—so-
(@) (b)

100mm
Fig. 21.  (a) Nonpolarized arc circular MC. (b) Curly DD-DD bipolar MC.

TABLE III
PARAMETERS OF ACTUAL MC

Parameters ~ Value Parameters Value
/4 50 mm s
G 20 W,
W 48 mm
H, 24 mm
Ly 60 mm

60 mm
60 mm
Turns of transmitting coil 1~ 16
Turns of transmitting coil 2 16
Turns of receiving coil 20

0.8
0.6
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Fig. 22.  Comparison of coupling coefficient & in the proposed MC with that
in the previous nonpolarized arc circular MC and curly de—dc MC over (a)
rotational misalignment, (b) axial misalignment, and (c) gap variations.

A. Misaligned MC Combinations

Fig. 22 compares k in the proposed MC (by actual mea-
surement) with that in the previous nonpolarized arc circular
MC and curly DD-to-DD bipolar MC (by simulation, it is
shown in Fig. 21). The comparison is carried out from three
aspects: rotational misalignment, axial misalignment, and gap
variations. Receiver weight is an important index to evaluate
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TABLE IV
PARAMETERS OF THE PROTOTYPE SYSTEM

Parameters Value Parameters Value
7 50kHz L 37.50H
Lp 102.4pH Cp 272nF
Ls 69.47uH C, 156 nF
k 0.534 Cs 154nF

the performance of an AUV wireless charging system, so the
ferrites of the unipolar arc circular receiver and DD receiver are
set to be the same size as the proposed MC’s receiver for a fair
comparison.

Fig. 22(a) shows that k varies with rotational misalignment.
It shows that as the rotational angle increases from —2° to 2°,
the k in the arc circular MC is competitive or exceeds that of
the proposed MC. However, as the rotational angle exceeds 2°
(which ranges from —10° to —2° and 2° to 10°), the k of the
nonpolarized arc circular MC drops dramatically and ends at
0.13; its variation is 76% as rotation misalignment from 0° to
10°. While & in the proposed MC is more stable, the variation is
only 18%. The variations of k for both axial misalignment and
gap variations are shown in Fig. 22(b) and (c), respectively. Sim-
ilarly, the phenomenon still exhibits in the previous nonpolarized
arc circular MC that the k drops rapidly with the rotating and
increase gap. In the proposed MC, the k drops by 17% when the
axial misalignment is 30 mm, and drops by 23% when the gap
increases to 18 mm. Under the condition of precise alignment,
the curly DD-to-DD bipolar MC exhibits strong coupling ability,
the kis 0.72. However, its k drops dramatically with the rotational
misalignments; k variation is 68 % as rotation misalignment from
0° to 10°. In comparison, the proposed MC has a good tolerance
to each dimension misalignment.

B. Power Transfer Capability

In order to determine the performance of the proposed MC, an
AUV wireless charging prototype is developed in Fig. 23(a). The
parameters of the prototype are given in Table IV. The power
supply was fed by 100 V dc source, and was inverted to 50 kHz
exciting current by inverter. The eddy current loss in seawater is
directly related to the frequency, and the higher the frequency,
the greater the loss [28]. Therefore, this article selects the lower
working frequency of 50 kHz. Fig. 23(b) shows the waveforms
of the inverter output and rectifier input. The output current of the
inverter is slightly lagging the output voltage for achieving zero
voltage switch (ZVS). It is worth mentioning that the influence
of shielding aluminum shell on the magnetic field is involved in
the later analysis, but the aluminum shell aluminum plate has
no obvious effect on power transmission in a test, and it is not
convenient for underwater test after adding aluminum shell, so
the aluminum shell is only studied in the simulation.

The designed system was tested in air and seawater environ-
ment, and the results are shown in Fig. 23(c) and (d), respectively.
It shows that the power is effectively transferred to the pick-up. In
addition, the transmission efficiency in seawater is only slightly
lower than that in air, this is because when the frequency is
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Fig. 23. (a) Power transfer experimental setup. (b) Waveforms of inverter

output and rectifier input. (¢c) Power and efficiency test at Rqc = 15.8 € in air
condition. (d) Power and efficiency test at Rq. = 15.8 €2 in seawater condition.

low, the performance of wireless charging system under water
is similar to that in air [5], [28]. But in order to ensure the
authenticity and accuracy of the experiment, the simulations
and experiments (except magnetic flux leakage measurement)
in this article are completed in the real seawater medium.

For the purpose of evaluated stability of power transfer against
misalignments, the variations of output voltage U4, with rota-
tional misalignment, axial misalignment, and gap variation are
measured, as shown in Fig. 24. Its performance was compared
with the theoretical calculation by (12). In order to weaken the
influence caused by voltage-division of the parasitic resistance,
R is selected as 100 2. From Fig. 24(a), it can be seen that
Uyq. decreases gradually with the increase of rotational degree,
and the minimum value of Uy, is 80.8 V when the rolling angle
is 10°. Ugq. also decreases gradually due to axial misalignment
and gap variation, and the minimum values of Uy are 82.8 and
75 'V, respectively. Above all, Uy, varies from 75 to 111.8 V.
For lithium batteries with a nominal voltage of 48 V, the cor-
responding charging voltage at the CV stage should be 54 V,
and the duty cycle of buck power controller ranges from 0.748
to 0.72, which is an effective condition for buck controller to
charge the AUV.
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Fig. 25. (a) Charge voltage and charge current test of charging process. (b)
System losses analysis.

C. CC/CV Charging Test

The output charge voltage Up and charge current I of the
designed wireless charging system vary with Ry, as shown in
Fig. 25(a). It is found that /g can be stable at 11 A in the CC
charging stage and Up can be stable at 54 V in the CV charging
stage, and the switching between CC charging stage and CV
charging stage can be realized normally. The system can achieve
wireless charging function. The power loss distribution of the
system is shown in Fig. 25(b). The losses of inverter, link channel
and rectifier, and buck converter accounted for 41.5%, 22.1%,
and 36.4% of the total losses, respectively.

Power analyzer is used to test the change of charge power Pg,
link efficiency 7r,, and overall system efficiency with the Rpeq
during charging, as shown in Fig. 26. It can be seen that the
theoretical value of link efficiency is close to the measured value.
During the charging process, the high-power section coincides
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Fig. 27. (a) Charge current and efficiency variation with rotational angles
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variation with axial misalignment distances at Rgeq = 10 €. (e) Charge current
and efficiency variation with gap variation at Rgeq = 4 2. (f) Charge voltage
and efficiency variation with gap variation at Rgeq = 10 Q.

with the peak area of link efficiency, and the link-efficiency
curve does shift to the left after efficiency optimization design.
The overall system efficiency is higher than 88% and the link
efficiency is higher than 97% in the charge power section of
350 W and above in the charging process. The maximum charg-
ing power is 599.3 W, and the maximum efficiency of the overall
system is 90.6%.

Experiment studies on rotational, axial misalignment, and
gap variation are conducted for the developed wireless charging
system. The variations in charging current, charging voltage, link
efficiency, and overall system efficiency for the system are shown
in Fig. 27. In the above analysis, it is known that the Rpe is 4 2
corresponding to the CC charge stage and 10 2 corresponding to
the CV charge stage, and the misalignment performance is tested
with these two load points, respectively. As the rotational angle
increases from—10° to 10°, the charge current and charge voltage
can be constant at 10 A and 54 V, respectively. Meanwhile, the
link efficiency and overall system efficiency are relatively stable.
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Fig. 28. Peak magnetic field distribution. (a) Flux lines and (b) magnetic flux
densities on a cross section of the proposed MC.
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Fig. 29. Magnetic field distribution (a) without aluminum shell and (b) with
aluminum shell.

As the axial misalignment distances increase from —30 to 30 mm
and gap changes from 8 to 18 mm, the charge current, charge
voltage link efficiency, and overall system efficiency also show
excellent stability.

D. Magnetic Field Distribution

The magnetic field distribution is simulated as shown in
Fig. 28, in which the number of amp-turns (NI) of per trans-
mitting coil is 188 A-N since the number of turns of the per
transmitting coil is 16 and the effective value of excitation
current is 8.31 A at 600 W. Fig. 28(a) shows the distribution
of the magnetic flux lines of the proposed MC. It can be found
that most of the magnetic flux lines pass through the receiving
coil, and only a small number of flux lines appear above the
receiver. The magnet flux is guided by the receiving core to pass
through the receiving coil. The magnetic field distribution of
the proposed MC is further plotted as shown in Fig. 28(b). It
shows that the alternating magnetic field is converged to the
abdomen of the AUV. Especially in the area below 40 mm,
the magnetic flux is concentrated within the magnetic structure
itself. Therefore, the proposed MC has an excellent magnetic
flux constraints capability, which improves the electromagnetic
security of the wireless charging system.

Even though the proposed coil structure can suppress the
magnetic field below the AUV’s battery to some extent, to ensure
safety, magnetic shielding remains indispensable. In fact, the
AUV’s battery is wrapped by a pressure-resistant aluminum
alloy shell, which naturally forms a good magnetic leakage
protection. As shown in Fig. 29, with the aluminum shell, the
magnet field in the AUV is largely reduced. It is also found in
the simulation that since the aluminum shell does not invade the
strong magnetic field area, it hardly affects the self-inductance
and mutual-inductance values, and only small eddy current loss
is produced in practical application.
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Fig. 30. (a) Experimental configuration for measuring Z-axis component of
magnetic flux density Bz. (b) Measured Bz, in 0 Hz < f < 100 kHz.

As shown in Fig. 30, the leakage flux was measured at
the same point (25 mm from the center of the receiver along
the Z axes), when the output power is approximately 600 W.
Fig. 30(a) shows the placement of an AARONIA AG 150 mm
magnetic field probe relative to measuring Z-axis component of
magnetic flux density Bz. The shielding aluminum shell was
not included in the leakage flux test. The Bz measured at the
field point is shown in Fig. 29(b). In the 0 Hz—-100 kHz band,
Bz < 7.75 uT. Similarly, a magnetic field probe is placed
perpendicular to the X-axis and Y-axis, respectively, the X-axis
component of magnetic flux density Bx and Y-axis component
of magnetic flux density By are obtained, Bx < 7.20 uT, and
By < 8.43 uT. According to guideline [29] and the test data of
previous coil structures in [5], [15], and [16], it can be seen that
the designed wireless charging system has low magnetic flux
leakage.

E. Power Interoperability Study of the Developed Wireless
Charging System

Considering the fact that AUVs of different power levels
share the same underwater wireless charging base station, power
interoperability should also be an important feature of the AUV
wireless charging system. Since it is easy for a high-power
system to be compatible with low-power charging, only the
maximum power upper limit supported by the designed system
is explored in this study.

By increasing the conduction angle of the inverter and re-
ducing the load resistance, the output power of the system is
increased by 1 kW, as shown in Fig. 31, and the corresponding
dc—dc efficiency is 95.1%. Therefore, the designed underwater
wireless charging system is capable of 1 kW wireless charging.
After the AUV docking into the charging base station, it will
make a request/response handshake with the charging base
station. After knowing the power level of the charged AUV, the
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TABLE V
COMPARISON WITH PREVIOUS AUV WIRELESS CHARGING SYSTEM
References Cone type [12] Coaxial ring type [16] : Three phase ring type [5] Curly coil type [15] This paper
" o Transmitter
Transmitter «— Transmitter e
Receiver 3 <l
v . v Receiver
agnetic Trafsmitter
structure /i lamping
\ Receiver Base station ransmitter
CC/C.V No Yes No No Yes
charging
Power 500W 300W 1 kW 1 kW 1 kW
0, 0,
Maximum ( C(?l?p/loing ® C?];fttery 92.41% 95% 95.1%
efficiency efficiency) efficiency) (DC-DC efficiency) (DC-DC efficiency) (DC-DC efficiency)
The receiver
occupies the radian About 23° 360° 360° 60° About 23°
of AUV hull
Change AUV shape Yes No No No No
Compact of receiver
(Weight & %k %k ok k ** * k Yk kk ok Yk Kk ok
Volume)
Easy to manufacture %k k * %k k * %k * %k ok 2. 8.8.8.8.9
Easytoinstall atthe e ok ok ek ok Hekk ok ek k
AUV
Compatibility of
AUV with different ok * ok 8. 8.8.8. ¢ kK 28,8881
diameters

A higher “x” represents better performance on this item, xx%* means best.

| DC power supply  Rectifier output

{Unc  99.65. |iUi 102.69. !
e 11085, {4 10.230, |
o 1.1041w iiPe__1.05024 )

95.112 x<«DC-to-DC efficiency

Fig. 31. Test results of output power improvement.

charging base station adjusts the conduction angle to meet the
multipower compatibility.

E. Comparison With Previous AUV Wireless Charging System

In recent years, different inductive power transfers for AUV
wireless charging have been reported. Sufficient power, high
efficiency, high adaptability to AUV structure, small size, high
misalignment tolerance, and low leakage magnetic field are
indicators that should be considered comprehensively. A fair
comparison of the typical AUV wireless charging systems is
obtained, as shown in Table V, so that the optimal proposal
can be chosen and applied. The proposal in this article is more
lightweight and easier to install without changing the AUV
shape. In conclusion, the scheme proposed in this article has
strong practicability.

VI. CONCLUSION

Inthis article, anovel cross-coupling mode MC for AUV wire-
less charging systems is proposed. The arc bipolar transmitter
can concentrate magnetic flux efficiently, and the dipole-coil-
based receiver is employed to capture the horizontal magnetic
flux. The magnetic flux of the proposed MC is investigated via
the numerical simulation, which has shown that the chosen MC
design has a good convergence effect of the magnetic field. To
verify the effectiveness of the MC, a practical prototype is devel-
oped and analyzed. It shows that the developed system can suc-
cessfully recharge the AUV with an 11 A constant current/54 V
constant voltage charging mode. Besides, the proposal also has
the good interoperability of AUVs with different diameters and
different power levels, the system also can deliver 1.05 kW to
an AUV with a dc—dc efficiency of 95.1%.
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