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ABSTRACT Inductive power transfer is a practical approach to recharging the autonomous underwater
vehicles (AUVs). The performance of the magnetic coupler determines the system transfer capacity. The
annular magnetic coupler is widely utilized in the underwater wireless charging system. However, this
magnetic coupler has limitations on magnetic field distribution. The flux linkage occupies the center of the
AUV, and hence, the electronics inside theAUVare susceptible to electromagnetic interference. Additionally,
the weight of the annular magnetic coupler greatly increases the burden on AUV power supply. In this
paper, the magnetic coupler structure evolution is analyzed and a dipole-coil-based magnetic coupler with a
novel circumferential coupling manner is presented. The magnetic flux is perfectly confined by the coupling
manner, and the magnetic coupler weight is reduced by dimension optimization. To implement the magnetic
coupler, the Fe-based nanocrystalline soft magnetic material is taken into consideration. To validate the
proposal, a wireless charging system is built. Experimental results show that the system transfers 630W
under water with a DC-DC efficiency of 89.7%.

INDEX TERMS Autonomous underwater vehicles (AUVs), inductive power transfer (IPT), magnetic
coupler design, coupling manner.

I. INTRODUCTION
Wireless power transfer is known by Tesla’s experiment
in 1890 [1]. Nowadays, wireless power transfer technology is
widely used in electronics [2], [3], biomedical implants [4],
[5] and electric vehicles [6], [7]. The AUV is an important
underwater equipment for exploring the marine ecological
environment, to provide a favorable means for gathering
marine information [8]. However, the capacity of recharge-
able batteries carried by the AUV is limited, which cannot
sustain sufficiently mission times [9]. Swapping batteries
need manual intervention, and establishing a wired charging
station under water requires perfect air tightness [10]. The
inductive power transfer system for the underwater sensors
of ocean buoys has been proposed in [11], [12]. To charge the
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AUV under water safely and conveniently, Feezor et al. took
advantage of wireless charging technology and proposed an
inductive interface to supply power to AUV [13].

The magnetic coupler in a wireless power transfer
system are of great importance, as they determine the
power transfer performance and the magnetic field distribu-
tion. He et al. proposed a three-dimensional omnidirectional
underwater wireless power transfer system. However, the coil
structure is hard to implement on AUV wireless charg-
ing [14]. Zhou et al. proposed a PM-type magnetic coupler,
which transfers 300W under water at a DC-DC efficiency
of 85% [9]. Cheng et al. investigated the additional eddy
current loss in various water media and proposed a semi-
closed magnetic coupler which transfers 10kW at 91% [15].
However, neither the PM-typemagnetic coupler nor the semi-
closed magnetic coupler has taken the compatibility with
the AUV’s hull into consideration. To install the magnetic
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coupler, additional fixtures are required to be installed on
the AUV surface, which may destroy AUV’s streamlined
structure and increase AUV march friction. To match the
AUV’s hull, Wang et al. designed an annular magnetic cou-
pler and a miniature prototype was produced to verify the
proposal [16]. However, the weight of the annular ferrite
core is a great burden on the AUV power supply, since large
amounts of ferrite need to be used. Additionally, the annular
ferrite core is very difficult to sinter. Lin et al. designed
a pair of coaxial and coreless coil structure, which was
installed on the AUV’s head, and the coupling coefficient k
reaches 0.8 [9]. Nevertheless, the annular magnetic coupler
and coreless coil structure both need a large gap over 15mm
between the AUV and the docking station. For a narrow
air gap, it is almost impossible for AUV to enter the dock-
ing station conveniently. Moreover, these magnetic couplers
ignore the magnetic field distribution, which may lead to the
equipment in AUV affected by electromagnetic interference.
Tianze Kan et al. studied the annular magnetic coupler mag-
netic field distribution and proposed a three-phase system
with several segmented ferrite bars and the ferrite cores were
installed in the AUV [17], [18]. However, the installation of
ferrite bars is inappropriate, which may occupy more space
in the AUV compartment. Yan et al. [19] proposed an arc-
shaped magnetic coupler so that it is not necessary to change
the shape of the AUV. Moreover, the transmission efficiency
with the effect of eddy current is analyzed by the finite
element method. The arc-shaped magnetic coupler is based
on EE structure and the magnetic core need to be changed to
match the AUV’s hull, which brings the problem of ferrite
material manufacture. In [20], [21], a curly coil structure
is proposed for AUV underwater charging. The unipolar or
bipolar coils is attached to the inner surface of AUV. By ana-
lyzing the magnetic field distribution, a larger aluminum
plate is needed to shield electromagnetic interference in AUV.
Therefore, designing a lightweight magnetic coupler with
a well-confined magnetic field distribution is a problem to
be solved.

To design a lightweight and well-coupled magnetic cou-
pler with the internal electronics free from the electromag-
netic interference caused by the flux linkage, in this paper,
the coupling manner of the magnetic coupler is analyzed. The
circumferential coupling manner possesses a low magnetic
flux density at the center of the AUV verified by simulation
models in ANSYS Maxwell. To implement the circumfer-
ential coupling manner, a dipole-coil-based magnetic cou-
pler is proposed and the coupler dimension is designed to
meet the misalignment requirement. Meanwhile, the weight
and the air gap are optimized. Out of consideration for
the magnetic coupler application, Fe-based nanocrystalline
soft magnetic material is used as an alternative to ferrite
materials. And, the coupling coefficient (k) and mutual
inductance (M ) are compared with the ferrite material under
misalignments. Finally, a prototype is established to verify the
proposal.

FIGURE 1. The wireless power transfer system with SS compensation.

II. WIRELESS POWER TRANSFER SYSTEM
In awireless power transfer system, the k andM are important
parameters for evaluating themagnetic coupler, as they reflect
the coupling state and power transmission capability.

To get the relationship between the output power and M ,
a wireless power transfer system with SS compensation is
built in Fig. 1. Udc is the dc input voltage, and an H-bridge
inverter, composed of four full-controlled switches S1-S4,
is used to generate a high frequency ac power. A compensa-
tion capacitanceCp is chosen so that its impedance ismatched
to the primary side inductance Lp at the operating frequency.
This also contributes the current Ip in Lp to resonating and
generating a high magnetic flux density near Lp. Most of the
magnetic flux passes through the receiver coil. The compen-
sation network minimizes the VA rating of the power supply
for a given load because the switches only pass real power.
Additionally, a series compensation capacitance Cs is chosen
to match the secondary side inductance Ls at the operating
frequency. Rp and Rs are the parasitic resistance of Lpand Ls
respectively. The rectifier consists of four diodes D1-D4.Uout
and Iout are the voltage and current on load RL separately.
U1 and U2 are the fundamental root-mean-square (RMS)

values of ac voltage. By the Fourier decomposition of the
square wave, U1 and U2 are shown in (1).

U1 =
2
√
2

π
Udc

U2 =
2
√
2

π
Uout

(1)

Based on Kirchhoff’s voltage law, equation (2) can be
obtained.

U̇1 = İp(Rp + jωLp +
1

jωCp
)+ jωMİs

U̇2 = İs(Rs + jωLs +
1

jωCs
)+ jωMİp

(2)

where ω is the operating angular frequency. When ω is equal
to the resonance angular frequency, equation (2) can be sim-
plified and written as{

U̇1 = İpRp + jωMİs
U̇2 = İsRs + jωMİp

(3)
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Therefore, the current in the primary coil and secondary
coil are expressed as

İp = U̇2

−jωM + Rs
U̇1
U̇2

RpRs + (ωM )2

İs = U̇1

−jωM + Rp
U̇2
U̇1

RpRs + (ωM )2

(4)

Considering the utilize of litz wire, the parasitic resistance
Rp and Rs can be ignored. As a result, the simplified expres-
sion is shown in (5). 

İp =
U̇2

jωM

İs =
U̇1

jωM

(5)

By substituting (1) into (5), the RMS values of Ip and Is
can be solved as 

Ip =
2
√
2

π

Uout

ωM

Is =
2
√
2

π

Udc

ωM

(6)

The current Iout and output power Pout can be written as

Iout =
2
√
2 Is
π
=

8
π2

Udc

ωM
(7)

Pout = I2outRL =
64
π4

U2
dc

ω2M2RL (8)

As shown in (6), (7) and (8), the M is a greatly important
parameter for the wireless charging system, as the M has
a directly influence on Ip, Is, Iout and Pout. To achieve the
required output power, theM should satisfy (8).
In the wireless power transfer system, the k =

M/
√
LpLsand equation (8) can be written as

Pout = I2outRL =
64
π4

U2
dc

ωk2LpQ2
(9)

where Q2 is the load-dependent quality factor for secondary
side and Q2 = ωLs/RL.

Despite the output power and current are closely related to
M , for different magnetic coupler structures, the k provides
a useful measure for directly comparing magnetic properties
of different magnetic couplers.

In general, compared to the k over 0.95 in conventional
transformer, the wireless power transfer system has a typical
value between 0.01 and 0.8. High values are desired because
less magnetomotive force is required to get the same power-
level transfer. However, the higher the k is, the higher the
sensitivity of the magnetic coupler to misalignment will be,
which may result in power fluctuation during the charging of
AUV. For the underwater environment, misalignments always
occur when the AUV is homing to the docking station. The
axial misalignment is limited within 30mm [22] and the
maximum rotational misalignment is 10◦. To obtain a good
coupling effect and stable power transmission, a trade-off
between high k and low sensitivity is necessary.

FIGURE 2. AUV overview.

FIGURE 3. Annular magnetic coupler and installation.

III. COUPLING LIMITS OF ANNULAR
MAGNETIC COUPLER
Fig. 2 shows the AUV with an outer diameter of 300mm and
a bulkhead thickness of 4mm. The charging system including
a 500-mm-length 200-mm-wide and 180-mm-height lithium
battery is placed in the battery compartment.

To charge the AUV underwater, the annular magnetic
coupler is widely used in the wireless charging system.
An annular magnetic coupler simulation model is established
in ANSYSMaxwell and shown in Fig. 3, the air gap between
the transmitter and receiver is indispensable. For a 300mm
outer diameter AUV, the internal diameter of the docking
station should be larger than 330mm. The transmitter is
fixed on the docking station, however, to sinter a 330mm
diameter annular magnetic core is extremely difficult for the
current manufacturing technology. Additionally, the heavier
the magnetic core is, the higher the power used to generate
the propulsion is.

As shown in Fig. 4, the magnetic flux of the annular
magnetic coupler is distributed on the AUV’s XOZ plane
and the flux linkage is mainly divided into leakages flux
(81) and mutual flux (82). As can be seen, the primary coil
and secondary coil are coupled with 82. The flux linkage is
extended along the AUV’s axis and coupled in the AUV. The
battery compartment is covered by flux linkage.

Furthermore, due to the compact space limit, the internal
electronics are susceptible to electromagnetic interference.
To evaluate the magnetic flux density in the vicinity of AUV,
a 3D simulation magnetic field in the XOZ plane is shown
in Fig. 5.

According to the International Commission on Non-
Ionizing Radiation Protection (ICNRP) guidelines, the mag-
netic flux density minimum is set to 20µT [23]. Although
Fig. 5 shows that the magnetic flux is mainly converged
in the edge of the hull, the magnetic flux density in the
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FIGURE 4. Annular magnetic coupler and axial coupled flux linkage.

FIGURE 5. Magnetic flux density in the XOZ plane.

center of AUV is obviously higher than 20µT. The AUV is
surrounded by magnetic field, which may limit the internal
electronics layout. The distribution result indicates that the
coupled flux linkage fails to keep the magnetic flux away
from the electronics.

In summary, the requirements imposed on the magnetic
coupler for AUVunderwater wireless charging are as follows:

1) Themagnetic coupler satisfies the battery compartment
space limits, and avoids the high-density magnetic field
generated inside the AUV.

2) The k reaches 0.4 and when the magnetic coupler is
misaligned, the variation is less than 0.1.

3) The magnetic core should be lightweight and easy to
be implemented in the application.

IV. NOVEL MAGNETIC COUPLER DESIGN
A. MAGNETIC COUPLER PROPOSED
The coupling limits on annular magnetic coupler have been
described in section III. Actually, the annular magnetic cou-
pler is a two-layer solenoid. As shown in Fig.6, the inner
solenoid is wrapped by the outer solenoid, and hence the

FIGURE 6. Two-layer solenoid structure and coupling manner.

FIGURE 7. Pot-type magnetic coupler (a) pot-type magnetic coupler and
coupling manner. (b) pot-type magnetic coupler installation on AUV.

flux linkage extends along the solenoid height and forms a
closed loop.

Fig. 7 shows a pot-type magnetic coupler whose coupling
manner is similar to the conventional transformer. The pot-
type magnetic coupler can be regarded as the inner solenoid
being taken out and placed on the outer solenoid. Therefore,
the flux linkage in Fig. 7(a) is coupled like the atmosphere
convection and closed along the magnetic coupler edge. The
magnetic field area is mainly concentrated in the magnetic
coupler, which implements a well-confined magnetic field
distribution. However, the pot-type structure flux linkage is
perpendicular to themagnetic coupler which is more sensitive
to axial and rotational misalignments. In addition, as shown
in Fig. 7(b), the AUV’s hull should be changed to install the
magnetic coupler.

To meet the magnetic coupler requirements, a novel mag-
netic coupler structure need to be designed and the magnetic
coupler structure and coupling manner should be considered.
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FIGURE 8. Magnetic dipoles structure and coupling manner.

FIGURE 9. Dipole-coil-based magnetic coupler and installation.

The evolution from annular magnetic coupler to pot-type
magnetic coupler indicates that both the magnetic field dis-
tribution and magnetic coupler weight are optimized. From
the inner solenoid position point of view, when the primary
and secondary magnetic core is separated, the magnetic cou-
pler can be smaller and the magnetic field is constrained at
the bottom of the AUV. Fig. 8 shows a magnetic coupler
composed of two magnetic poles and the coupling manner
is shown by the dotted line. The structure can be viewed as
the inner solenoid being taken out and placed in parallel with
the out solenoid. Compared to the annular magnetic coupler
and pot-type magnetic coupler, the magnetic dipole structure
separates the inner and outer solenoid completely, and hence,
the magnetic coupler installation is more flexible.

According to the coupling manner in the annular magnetic
coupler and the pot-type magnetic coupler, it is difficult to
take the coupling manner, magnetic field distribution and
magnetic coupler installation into consideration at the same
time. As shown in Fig. 9, a dipole-coil-based magnetic cou-
pler is applied to the AUV underwater wireless charging sys-
tem and the receiver coil structure is fixed on the inner surface
of AUV, which could match the AUV without changing the
AUV’s hull. The flux linkage is shown in Fig. 10. The novel
magnetic coupler constrains the magnetic field in AUV cir-
cumferential direction. As can be seen, although the magnetic
coupler structure determines the flux linkage cannot achieve
an ideal utilization rate, most of the mutual flux 82 passes
through the secondary coil. The flux linkage is extended
and coupled along the AUV’s hull. Clearly, the height
of the magnetic flux is limited lower than the secondary
magnetic core.

FIGURE 10. The proposed magnetic coupler with circumferential coupled
flux linkage.

Additionally, the magnetic coupler can be pushed to
approach the AUV. The air gap could be reduced to 8mm,
considering the 4mm litz wire. The volume of the dipole-coil-
based magnetic coupler is much smaller than the former two
couplers, which indicates the weight of the novel magnetic
coupler could be lighter and the AUV internal space will be
saved. The novel magnetic coupler has a better effect not only
in magnetic field distribution but also in reducing air gap and
magnetic coupler weight.

B. MAGNETIC FIELD DENSITY STUDIES
To study the magnetic field density at the center of the AUV,
both the annular magnetic coupler and the dipole-coil-based
magnetic coupler are set to the same primary coil current
RMS value 10A. The twomagnetic couplers are implemented
in ANSYS Maxwell, and the results of the magnetic flux
density of the two magnetic couplers in YOZ, XOZ, and
XOY plane are shown in Figs. 11-13, respectively. Taking the
ICNIRP guidelines and the magnetic field in the AUV into
consideration, the minimum density of the magnetic field is
set to 20µT and the maximum value is 100µT.

Fig. 11(a) indicates the dipole-coil-based magnetic cou-
pler has an outstanding performance on the magnetic field.
In particular, the electronics are placed in the dashed box area.
As can be seen from the scale bar, the flux density of the novel
magnetic coupler is less than 20µT in the dashed boxwhereas
the annular magnetic coupler is evidently higher than 40µT.

Fig. 12 and Fig. 13 show the length and width of the
magnetic field in the XOZ and XOY planes. Owing to the
coupling manner in the dipole-coil-based magnetic coupler,
the length and width of the magnetic field are mainly deter-
mined by the magnetic coupler dimension. Consequently,
the magnetic field distribution is near the magnetic core and
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FIGURE 11. Magnetic flux density in the YOZ plane. (a) The
dipole-coil-based magnetic coupler, (b) The annular coil structure.

FIGURE 12. Magnetic flux density in the XOZ plane. (a) the
dipole-coil-based magnetic coupler, (b) the annular magnetic coupler.

the flux height in the AUV is only 20mm. However, the axial
coupled flux linkage in annular magnetic coupler extends
longer than the annular magnetic coupler and has a width
of 195mm. The Fig. 13(b) shows the battery compartment is

FIGURE 13. Magnetic flux density in the XOY plane. (a) The
dipole-coil-based magnetic coupler, (b) The annular magnetic
coupler.

FIGURE 14. The dipole-coil-based magnetic coupler.

filled with a magnetic field, and the coverage area reaches
412mm× 195mm in the XOY plane.

C. DIOPLE-COIL-BASED MAGNETIC COUPLER
DIMENSION OPTIMIZATION
To meet the requirements of the k , the magnetic coupler
dimensions are optimized in ANSYS Maxwell. As shown
in Fig. 14, since the dipole-coil-based magnetic coupler is
compatible with the AUV, the optimized parameters include
the length, width and thickness. Generally, the coupling effect
under rotational and axial misalignment are mainly decided
by the length and the width of the magnetic coupler. There-
fore, the optimization process can be simplified.
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FIGURE 15. The variation of k with the length varying from 60mm to
120mm under rotational misalignments.

FIGURE 16. The variation of k with the width varying from 20mm to
40mm under axial misalignments.

The optimization dimension is based on the practical raw
ferrite material and manufacture technology. The raw ferrite
material dimension is 120mm× 35mm× 17mm. The length
is set from 60mm to 140mm with the rotational angle from
0◦ to 15◦ and the width is from 20mm to 40mm with the
axial misalignments from 0mm to 30mm. The variation of
k is shown in Fig. 15 and Fig. 16.

Fig. 15 shows the variation of the k with different lengths.
The variation shows the longer the dipole-coil-based mag-
netic coupler is, the higher the k is and when the simulated
length is 140mm, the k reaches 0.48. The decline of k with
different lengths is equal and the difference between the
maximum and the minimum of k is 0.13, which indicates the
initial value of the k is dependent on the length.
As shown in Fig. 16, when the width is increased from

20mm to 40mm, the difference between the maximum and
the minimum is declined from 0.16 to 0.11. The initial k of
different width is at 0.43. Contrary to the effect of length on
the k , the decline trend of k is chiefly dependent on the width
of the dipole-coil-based magnetic coupler.

Due to the limits on manufacture technology, the magnetic
core thickness is required to less than 12mm. The thickness
optimization is carried out from 6mm to 12mm, and the per-
formance of k under axial misalignment is shown in Fig. 17.
The novel coupling manner extends in the circumferential
plane and most of the flux linkage are concentrated in the
upper of the transmitter and the lower of the receiver. For
different axial misalignments with the same thickness,

FIGURE 17. The variation of k with the thickness varying from 6mm to
12mm under axial misalignments.

TABLE 1. Magnetic properties dimension of dipole-coil-based magnetic
coupler.

the maximum variation of k is 0.01. Compared to the effect
of width and length on misalignment, the thickness has less
influence on k .

Combined with the raw material dimension and the
requirements of k , the length and width are set to 120mm
and 35mm, respectively. Meanwhile, the thickness is set to
6mm to reduce the weight. Ideally, according to calculation,
the novel magnetic coupler weight is 252g and the annular
magnetic is 1952g, which is seven times heavier than the
novel coupler. The optimized dimensions of the dipole-coil-
based magnetic coupler are shown in TABLE 1.

D. DIPOLE-COIL-BASED MAGNETIC COUPLER WITH
NANOCRYSTALLINE SOFT MAGNETIC MATERIAL
Ferrite is widely utilized in the wireless power transfer sys-
tem, but the ferrite is brittle. In this paper, the dipole-coil-
based magnetic coupler requires an arc-shaped surface to
match the AUV, which is much difficult for the ferrite mate-
rial manufacturing technology. In the late 1980s, the satura-
tion magnetic induction intensity, permeability and loss of
Fe-based nanocrystalline soft magnetic materials are greatly
improved. The Fe-based nanocrystalline soft magnetic mate-
rial is superior to conventional materials, which are reflected
in higher saturation magnetic flux density, higher relative per-
meability and less core loss. More importantly, the proposed
magnetic coupler is easy to be obtained with nanocrystalline
soft magneticmaterial. The parameters of Fe-based nanocrys-
talline material are shown in TABLE 2.

Considering the difficulty in practical application, this
paper chooses the nanocrystalline soft magnetic material
to implement the dipole-coil-based magnetic coupler. The
nanocrystalline soft magnetic material has a high saturation

65438 VOLUME 8, 2020



C. Cai et al.: Circumferential Coupled Dipole-Coil Magnetic Coupler for AUVs Wireless Charging Applications

TABLE 2. Fe-based nanocrystalline material parameters.

FIGURE 18. Comparison of the nanocrystalline material and ferrite under
misalignments. (a) Variation of M and k with axial misalignments.
(b) Variation of M and k with rotational misalignments.

magnetic induction Bs 1.25T. To verify that the dipole-coil-
based magnetic coupler with Fe-based nanocrystalline mate-
rial has the similar effect as the ferrite material, two magnetic
material simulation models with the same dimensions are
established. The variations of k and M are conducted under
axial and rotational misalignments.

Misalignment simulation results are shown in Fig. 18.
From simulation results, it can be seen that the properties
of the two materials are similar, and the variation trends are
consistent. On a whole, the k of Fe-based nanocrystalline
soft magnetic material is slightly higher than that of ferrite
material, with a maximum difference of 0.02. When aligned,
the k of the Fe-based nanocrystalline soft magnetic material
is 0.44.and the minimum is 0.32, which is 0.01 higher than
that of the ferrite material. The M of the two materials are
almost equal, and themaximum difference is less than 0.2µH.
The M of Fe-based nanocrystalline soft magnetic material
drops from 21.5µH to 14.5µH. It can be seen from the
simulation analysis results that the difference between the
nanocrystalline material and ferrite is very small.

FIGURE 19. The prototype of the dipole-coil-based magnetic coupler.
(a) Comparison with the raw ferrite material. (b) The dipole-coil-based
magnetic coupler overview.

TABLE 3. Dipole-coil-based magnetic coupler parameters.

V. EXPERIMENT
Based on the simulation model, the Fe-based nanocrystalline
soft magnetic coupler prototype and raw ferrite core are both
shown in Fig. 19 a). Due to the waterproof materials on the
surface, the nanocrystalline dimensions are a bit bigger than
the raw ferrite material. However, the total weight of the
magnetic coupler is 267.4g and the receiver is 137g, which
can be ignored for the AUV power supply. The dimensional
parameters of the magnetic coupler are given in TABLE 3.
As shown in Fig. 19 b), the coil structure is placed in sea-
water. The M and k between the transmitter and the receiver
are calculated during misalignments. The results compared
with the simulations are shown in Fig. 20, which shows that
measurements are well-matched to the simulations.

When the magnetic coupler is aligned, the k of simulated
and measured results are 0.44 and 0.40, respectively. In the
process of misalignment, the maximum difference between
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FIGURE 20. Comparison of the simulation and measurement under
misalignments. (a) Variation of M and k with axial misalignments.
(b) Variation of M and k with rotational misalignments.

FIGURE 21. Wireless power transfer system prototype.

simulated and measured is less than 0.05. The measured k of
the axial misalignment at 30mm is 0.29, and the k variation
is 0.1, which satisfies the requirement. In the case of axial
and rotational misalignment, the maximum difference of the
measured and simulatedM is 1.13µH. Themeasured value of
theM drops from 20.8µH to 13.9µH, when the axial distance
varies from 0mm to 30mm.

The wireless power transfer system prototype is built and
shown in Fig. 21. The input DC voltage is fixed at 72V, and
to transfer over 600Watts, the electronic load is set to 8�.
In detail, the system parameters are shown in TABLE 4. The
TI microcontroller TMS320F28027 is employed to generate
4 PWMs to drive the 4 SiCMOSFETs in the H-bridge inverter
and the switching frequency is 50 kHz.

To alleviate the switching loss, copper loss, and core loss
resulting from the high switching frequency, a larger Cp is
chosen to achieve soft switching and litz wires are selected to
minimize the skin effects. Moreover,Cs is a bit larger than the

TABLE 4. Experiment parameters.

FIGURE 22. Measured waveforms of inverter voltage and current.
(a) Waveforms measured at 0mm. (b) Waveforms measured at 30mm.

value calculated at resonance frequency 50kHz considering
the misalignments. The waveforms measured at 0mm and
30mm are shown in Fig. 22, which indicates the system
achieves soft switching when fully aligned and still operates
in resonance when misaligned. The inverter efficiency is
93.2% and the rectifier is 98.4% when the system is aligned.

The system performance on the output power and the
DC-DC efficiency over different misalignments are shown
in Fig. 23. As shown in Fig. 23(a), the system delivers
633.37 Watts at a DC-DC efficiency of 89.67% in seawa-
ter and delivers 634Watts from DC to DC at an efficiency
of 89.9% in air, when the system is fully aligned. The power
loss distribution under water is shown in Fig. 23(b). Fig. 23(c)
and Fig. 23(d) show that the differences between the air and
seawater are minor at the resonance frequency of 50kHz.
The maximum difference in power transfer and efficiency
between air and seawater are 31.6Watts and 1.7%, separately.
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FIGURE 23. Wireless charging prototype performance in seawater and air.
(a) Measured system parameters. (b) Power loss distribution. (c) Variation
of Pout and η with axial misalignments. (d) Variation of Pout and η with
rotational misalignments.

As axial misalignment increases from 0mm to 30mm,
the output power increases from 630Watts to 1150Watts and
the efficiency drops to 85.37%. The increase of Pout is mainly
dependent on the decrease ofM and the relationship between

Pout and M has been shown in (8). As can be seen from the
experimental results, the wireless charging system with the
proposedmagnetic coupler is more immune to rotational mis-
alignment than the axial misalignment. The output power at
the maximum rotational misalignment increases to 950Watts
and efficiency at 87.08%.

VI. CONCLUSION
The limits of annular magnetic coupler include the weight,
the coupling manner and application. In this paper,
a 120mm×35mm×6mm dipole-coil-basedmagnetic coupler
is applied for the AUV underwater wireless charging system.
The simulation results in ANSYSMaxwell show the circum-
ferential coupled flux linkage has a constrained magnetic
field distribution under the electronics and the magnetic flux
density is lower than 27µT in the vicinity of electronics.
The dimensions are optimized to meet the requirements and
the receiver weight is greatly reduced to 137g. Fe-based
nanocrystalline soft magnetic material is used to implement
the magnetic coupler, and theM and k of the nanocrystalline
material are both similar to the ferrite material. The experi-
mental prototype is built and the system transmits 630Watts
in both underwater and air with the efficiency at 89.7% and
89.9%, separately.
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