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Abstract—Lightweight autonomous underwater vehicles
(AUVs), powered by rechargeable batteries, are widely deployed
in inshore surveying, environmental monitoring, and mine coun-
termeasures. While providing valuable information in locations
humans have difficulty accessing, limited battery capacity of
such systems prevents extended mission times. In order to extend
mission times, this paper proposes a three-phase wireless charging
system that could be used in a field-deployable charging station
capable of rapid, efficient, and convenient AUV recharging.
Wireless charging should not, however, affect instrumentation
located inside the AUV. Thus, a three-dimensional finite element
analysis tool is employed to study the characteristics of magnetic
fields inside the AUV during three-phase charging. Simulation
results reveal that the magnetic field generated by the proposed
three-phase coil structure is concentrated away from the center
of the AUV, where instrumentation would nominally be located.
Detailed circuit analysis and compensation method to achieve
resonance on both transmitter’s and receiver’s sides are also given.
To validate the proposed concept, a three-phase wireless charging
system is developed. Experimental results demonstrate that the
system is able to transfer 1.0 KW with a dc—dc efficiency of 92.41%
at 465 kHz.

Index Terms—Autonomous underwater vehicles (AUVS), coil de-
sign, three-phase system, wireless power transfer.

|. INTRODUCTION

HE concept of wireless power is originated from Hertz
and well known by the work of Tesla[1], [2]. Today the
applications of wireless power transfer can befound in charging
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biomedical implants, consumer electronics, electric vehicles,
and autonomous underwater vehicles (AUVs) [3]{17].

Lightweight AUVs are typically deployed in applications
such asinshore surveying, environmental monitoring, and mine
countermeasures, and provide highly valuable data and infor-
mation in location where humans may not be able to access.
Unfortunately, the limited capacity of on-board rechargeable
batteries cannot sustain sufficiently long mission times. AUV's
are, thus, required to go back to their base station, get charged,
and return to its mission afterward. There are two conventional
charging options: conductive charging and battery swapping.
Conductive charging, in which a physical connection between
the charging station and the AUV is established, is efficient and
straightforward. However, it is necessary to provide a hermetic
seal a ong the connection el ectrodes, which can be difficult when
making connections in seawater. Battery swapping, in which a
discharged battery is replaced by a fully charged one, effec-
tively shortens the charging time and the AUV could be back
to mission immediately. However, it requires complex battery
insertion and retrieval mechanisms [13]. Moreover, frequent
battery swapping resultsin problems on AUV's airtightness.

In order to provide a convenient and safe charging option
for AUV, Feezor et al. [14] proposed wirelessly charging an
AUV at itsunderwater docking station via alternating magnetic
fields with no physical connection. Periodic wireless charging
was able to extend the AUV’s mission tournament time. Since
then, McGinniset al. [15] developed awireless charging system
for AUVsto transfer 240 W power with 70% dc—dc efficiency.
Li et al. [16] studied the effects of gap distances between the
transmitter and the receiver and designed a 400 W system with
approximately 90% efficiency at agap distance of 2 mm. Unfor-
tunately, in those designs, the receivers were directly mounted
to the AUV’s hull, which affected the shape of AUV’s hull. As
aresult, the speed and the mission turnaround time of the AUV
would be shortened accordingly. To addressthis, Shi et al. [17]
introduced a coaxial coil structure, in which the receiver coil
with a small thickness was mounted around the AUV’s hull.
It had fewer effects on the shape of the AUV'’s hull since the
coil structure was well fitted with the AUV’s hull. However, the
drawback was that the generated magnetic field diverged and
was very possible to affect the existing electronics devices in
the AUV during charging. Therefore, one of the main challenges
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Fig. 1.  Cail structuresin simulation: (a) proposed three-phase coil structure
and (b) coaxial coil structure.

in designing awireless charging systemisto design acoil struc-
ture to have few adverse effects on the shape of the AUV’s hull
and the existing electronics devices within the AUV.
Nowadays, composite materials with isolation properties,
such as fiberglass, are commonly used as the hull material for
AUVs [18], which makes it possible to install the receiver in
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the AUV without adversely affecting the shape of the AUV’s
hull. In this paper, a new three-phase coil structure consisting
of three identical transmitters and three identical receivers, as
shown in Fig. 1(a), is proposed. To further show the advantages
of the proposed three-phase coil structure over a conventional
coaxial coil structure shown in Fig. 1(b), magnetic field studies
have been conducted for both coil structures. Through ANSY S
MAXWELL simulations, it is demonstrated that the magnetic
field generated by the proposed coil structure is concentrated in
the coil structure instead of elsewhere within the AUV’s hull.
Asaresult, interferenceto the existing electronics devicesin the
AUV will beless, and more space will, thus, be available within
the AUV for instrumentation. The proposed circuit is further
analyzed and compensation methods to achieve resonance are
introduced. Subsequently, a 1.0 kW three-phase wireless charg-
ing system with 92.41% dc—dc efficiency is designed and tested
to validate the proposed concept.

II. ColL DESIGN

Coil design is important in al wireless power transfer sys-
tems, as the geometries and properties of the coils ultimately
set limits on power transfer capabilities and power transfer effi-
ciency. Inaddition, coil design directly determinesfield patterns,
which are important to manage so as to not adversely affect the
existing electronics devices in an AUV. This is especially im-
portant, since the size of an AUV iscompact and space within it
isquitelimited. Asaresult, itisdesired to concentrate magnetic
fields generated by the cail structure within the coil structure
itself, and outside of theinterior of the AUV’shull so that the ex-
isting electronics devicesinthe AUV are not adversely affected.
Fig. 1(a) shows the proposed coil structure, which consists of
three identical transmitters and three identical receivers. The
excitation currentsin all transmitters have the same magnitude
and frequency, but are 120° out of phase. The magnetic flux
excited by the current in one transmitter passes through the
AUV'’s hull, couples with its two adjacent receivers, and goes
back to that transmitter. In order to demonstrate the advantages
of the proposed coil structure over the conventional coaxial one,
a three-dimensional (3-D) finite-element analysis (FEA) tool
(ANSYS MAXWELL) is employed and magnetic field studies
are conducted in both the three-phase and coaxial coil structures
presented in this section. Additionally, the materials used in two
wireless charging systemswith the two respective coil structures
are compared. Furthermore, the parameters of the proposed coil
structure in both seawater condition and ambient air condition
areinvestigated.

A. Coil Structures Design

A 3-D overview and a cross-sectional front view of the smu-
lation model of the proposed coail structure are shownin Fig. 2.
In thissimulation setup, thetransmitterswith the primary capac-
itors are packaged with water-resistant materials and immersed
in seawater, and the receivers with the secondary capacitors are
encapsulated in the AUV’s hull. The hull, whose outer diameter
is 200 mm, is made up of fiberglass and filled with air. The
simulation model for the coaxia coil structure has the same
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Fig. 2. (a) Overview and (b) front view of MAXWELL simulation model for
the proposed coil structure.
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Fig. 3. Hollow cylinder for receivers.

dimensions of the seawater and AUV’s hull; the only difference
between the two modelsis the cail structure.

Due to the compactness of the AUV, the volume of any cail
structure is important. In this study, 1.0 kW power is required
to be transferred by both wireless charging systemsto facilitate
rapid charging. The frequency isassigned to be 465 kHz, which
makes the system compact and ensures sufficient power can
be transferred to the load. In order to make a fair comparison,
the receivers of both coil structures are set to occupy the same
volume. As shown in Fig. 3, they are fixed within dimensions
of a hollow cylinder with an outer radius of 94 mm, an inner
radius of 70 mm, and a height of 24 mm.

Though the geometries of the transmitters in the two coil
structures are different, the volumes are designed approximately
the same at 350000 mm?>. Fig. 4 gives the design variables: (a)
primary coil length and secondary coil angle for the proposed
coil structure and (b) primary coil width and secondary cail
width for the coaxial coil structure.

Variant mutual inductances can be achieved by sweeping the
design variables within the limitations of the coil structure di-
mensions. The mutual inductance of a coil structure determines
its capability of transferring power, and for a 1.0 kW design, a
mutual inductance value of 7 uH isdesired at the frequencies of
interest. Therefore, the sets of design variablesto achieve 7 uH
mutual inductances are selected for both two coil structures.
The simulated parameters are given in Table |. Specifically, the
mutual inductance in the proposed coail structure refers to the
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Fig. 4. Design variables in (a) proposed coil structure and (b) coaxia coil
structure.

TABLEI
SIMULATION RESULTS

Parameters Proposed Coil  Coaxia Caoil
Transmitter’s Self-inductance L 68.86 uH 13.09 pH
Receiver's Self-inductance L, 33.67 uH 14.88 pH
Coupling Coefficient ki between L and L, 0.1385 0.5130
Mutual Inductance My between L and L 6.67 uH 7.16 pH

mutual inductance between one transmitter and one of its adja-
cent receivers.

Simulation studies on rotational misalignment are also con-
ducted for the two coil structures. Fig. 5(a) shows the rotational
angle for the three-phase coil structure, noting that the rela-
tive separation between the transmitting coils is fixed during
rotation. Fig. 5(b) shows the coaxial model. The variations in
mutual inductance for both models are shown in Fig. 5(c). As
the rotational angle increases from 0° to 25°, the mutual induc-
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Fig.5. () Rotational anglein the proposed coil structure. (b) Rotational angle
incoaxial coil structure. (c) Mutual inductances variation with rotational angles.

tance in the proposed three-phase coil structure is competitive
or exceeds that of the coaxia coil structure. However, as the
rotational angle increases from 25° to 60°, the mutual induc-
tancein the proposed coil structure drops dramatically and ends
at zero, while the mutual inductance in the coaxial coil struc-
ture remains constant. Therefore, the coaxial coil structure has
more stable performance on rotational misalignment than the
proposed coil structure. However, rotational misalignment in
the proposed coil structure can be eliminated by employing an
advanced mechanical positioning system since three transmit-
ters are separate and flexible to move. Therefore, the following
analysisand experiment are conducted in full aligned condition.

B. Magnetic Field Sudies

The main advantage of the proposed coil structure over the
conventional coaxial coil structure is that the generated mag-
netic field is concentrated within the coil structureitself, which
has fewer adverse effects on the existing electronics devicesin
the AUV. In order to study and compare the magnetic fields,
both coil structures are required to transfer 1.0 kW power with
the same charging current, which is the root mean square (rms)
value of the aternating current before the rectifier and fixed
at 10 A. A series—series compensation topology is applied due
to its simplicity, constant-current principle, and ability to de-
liver high power at reasonable voltage levels [19], [20]. The
excitation currents and the turn numbers for transmitters and
receivers are given in Table |1, where |, is the transmitter’s cur-
rent, I, is the receiver’s current, and WMy |; is the equivalent
voltage on the receiver’'s side induced by the transmitter’s cur-
rent. All thevoltageand current valuesin Tablell arermsvalues.
Furthermore, the ampere-turns in the receivers of the two coil
structures are kept the same.
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TABLE Il
EXCITATIONS IN SIMULATION
Parameters Proposed Coil ~ Coaxia Coil
Transmitter's Current | 513A 478 A
Receiver's Current |, 3.33A 10A
Turn Number of Transmitter’s Coil 22 5
Turn Number of Receiver’s Coil 18 6
Induced Voltage oMy I¢ 100V 100V
Total Charging Current 10A 10A
Power 1.0kw 1.0kw
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Fig. 6.  Magnetic flux densities in YZ plane: (a) proposed coil structure and
(b) coaxial cail structure.
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The two coil structures were implemented in ANSYS
MAXWELL, and simulation results of the magnetic flux den-
sities of the two coil structures in YZ, ZX, and XY plane are
shown in Figs. 6-8 respectively. The scale bars in the figures
areal the same: 2.45 x 1073 T at maximumand 1 < 1074 T
at minimum. Here, the light stripesin Figs. 7 and 8 stand for the
AUV'’s position in simulation. Both the proposed coil structure
and the coaxial coil structure perform fairly well inthe YZ plane.
The generated magnetic field of the proposed coil structure in
the AUV is stronger around the receivers and weaker in the
center, while the generated magnetic field of the coaxial struc-
ture is weaker around its receiver and stronger in the center.
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Fig. 7. Magnetic flux densities in ZX plane: () proposed coil structure and
(b) coaxid coil structure.

Even though aferrite core is employed at receiver’'s side in the
coaxial coil structure, a certain amount of magnetic fluxes still
exist in the center. Moreover, Figs. 7(b) and 8(b) indicate the
generated magnetic field of the coaxial coil structure is more
divergent in ZX and XY plane. Instead, Figs. 7(a) and 8(a) show
the proposed coil structure gives outstanding performancein ZX
and XY plane. The generated magneticfield ismore concentrated
inthe cail structure rather than dispersesfromit. Asaresult, the
existing electronics devices are less affected, meaning that they
can beinstalled closer to the cail structure and more space will
be available in the AUV.

C. Materials Comparison

To further compare the two coil structures, materials used in
building the two wireless charging systems are analyzed. The
comparison isfocused on materials used in three stages: thein-
verter stage, therectifier stage, and the resonant tank stage. Inthe
inverter and rectifier stages, the materials used in the proposed
three-phase system are three times of those in the conventional
single-phase system. For example, if full-bridge inverters and
full-bridge rectifiers are applied for power conversion, threein-
verters consisting of 12 MOSFeTS and three rectifiers with 12
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Fig. 8. Magnetic flux densities in XY plane: (&) proposed coil structure and
(b) coaxial cail structure.

diodes will be employed in the proposed three-phase system
while only one inverter with four MOSFETS and one rectifier
with four diodes will be used in the conventiona single-phase
system. The conventional single-phase system with the coaxial
coil structure is more cost beneficial in the inverter and rectifier
stages. Theresonant tank ismainly constituted by the coil struc-
ture and the series resonant capacitors. A total of 202 321 mm?
of copper and 310724 mm? of ferrite are used in the proposed
coil structure while the volumes of copper and ferrite in the
coaxial coil structure are 229211 and 319387 mm?. In the pro-
posed coil structure, three transmitter’s capacitors, which arein
series with transmitter’s coils, and three receiver’s capacitors,
which are in series with receiver's coils, are employed. The
voltage across each transmitter’s capacitor is 1.032 kV and the
current passing through it is 5.13 A. The voltage across each
receiver’scapacitor is319.7 V and the current passing throughiit
is3.33 A. Inthe coaxia coail structure, one transmitter’s capaci-
tor and one receiver’s capacitor are selected. Each transmitter’s
capacitor is required to withstand a voltage of 182.8 V and a
current of 4.78 A. Each receiver’scapacitor is capable of bearing
avoltage of 434.8 V and a current of 10 A. All the voltage and
current values are in rms and they are calculated by eguations
in Section 1.
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TABLE VI
COMPARISON BETWEEN SIMULATED AND MEASURED RESULTS

Para. Sim Mea. Para. Sim. Mea Para. Sim. Mea Para. Sim. Mea.
Ln  5629pH 5687pH  Map 6644pH  6815pH  Mag  2333pH  2893pH  Maa  0.0005pH  0.005 pH
Ls 5626 uH 5696 uH  Mac 6.641pH  6.685uH  Mpc 2.334pH  2540puH Mgy 0.001pH  0.258 pH
Lc  5630pH 5651pH Mg, 6640pH  6803pH  Mca 2329pH  2663pH  Mce  0.002pH 0510 pH
La 31.34pH  3164pH Mg 6.639pH  6.610 puH Map  4433pH 3450 pH
L 31.34pH  3L.70puH  Mca  6.636uH  6.610puH My 4434pH 4570 pH
Lc 31.28uH  3140pH Mg, 6.641pH  6.663uH Mg 4426 uH 3538 pH
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to verify the proposed concept and compensation method. As 719 13- (3 Self-inductances and (b) Mutual inductances with air gap

indicated in Section |1, the seawater and the AUV’shull arerea-
sonably ignored: unless otherwise specified, both simulations
and experiments in this section are conducted in ambient air
conditions. Unfortunately, it is extremely difficult to find appro-
priate arc-shape ferrite cores off-the-shelf. Thus, straight ferrite
bars are employed for the receivers for convenience. Moreover,
the available ferrite bars are smaller than the arc-shape ferrite
coresinthesimulation of Section I1. Therefore, theturn numbers
are dlightly different from those in the simulation of Section 11.
However, the mutual inductance valuesin both sections are kept
nearly the same. The resonant frequency is set to be 465 kHz.
The dimensional parameters of the coil structure are given in
Table V and depicted in Fig. 12(a). The coils are color coded in
orange, and the cores in blue. In this experiment, 3000-strand
AWG-46 litz wires and 3C95 ferrite from Ferroxcube are used
to build the coil structure, which are shown in Fig. 12(b).

variation.

A comparison of the simulated and measured resultsis drawn
in Table VI, where L isthe self-inductance and M is the mutual
inductance. At the positionsof subscripts, uppercaselettersA, B,
and C accordingly stand for transmitters A, B, and C while low-
ercaselettersa, b, and c successively represent receiversa, b, and
c. For example, L, is the self-inductance of transmitter A and
Mg, isthemutual inductance between transmitter B and receiver
c. Asindicated by Table VI, the measured self-inductancesL and
mutual inductances My, between one transmitter and one of its
adjacent receivers closely match the simulated ones, which are
desired since the three-phase wireless charging system relieson
M totransfer power. The measured mutual inductances My and
Mo show good agreement with the simulations: the maximum
difference among them is only 0.66 pH. However, the differ-
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ence between the simulated and measured mutual inductances
M cannot be further ignored for an accurate experiment since
its maximum value is approximately 1 pH. Moreover, it is diffi-
cult to fix this problem manually because the receivers are close
to each other and parameters are correlated. A slight misalign-
ment may lead to an obvious change in all self-inductances and
mutual inductances. In order to minimize the effect, the arith-
metic mean value of each two mutual inductancesis selected as
M and applied in (3) of Section Il to calculate the respective
compensation capacitor values on receiver’s side. For example,
in the calculation of the compensation capacitor C, at receiver
¢, the arithmetic mean value of M, and My, are determined and
substituted into My, in (3). The compensation capacitor values
on transmitter’s side are determined based on (5).

Simulations on air gap variation are conducted and the re-
sults are shown in Fig. 13. The transmitter’s and receiver’'s
self-inductances L, L, and the mutual inductance M,; are kept
almost the same as air gap varies. Therefore, based on (3)—5),
the resonance remains. However, the mutual inductance My, de-
creases. Since power transfer relies on mutual inductance, the
input voltage is required to increase with a larger air gap if the
same output power isdesired for dynamic charging applications.

Thethree-phase wireless charging systemisbuilt asshownin
Fig. 14. Since the purpose of the experiment isto verify the pro-
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posed concept, three full-bridge inverters and three full-bridge
rectifiers are selected for power conversion due to the conve-
niencein lab. However, athree-phase inverter and athree-phase
rectifier, which have competitive volumes with the single-phase
ones, will be designed and chosen for practical applications. Ex-
periments are conducted from dc power source to dc electronic
load. Constant resistance (CR) mode and CV mode of the dc
electronic load are chosen to emulate a rechargeabl e battery. In
this paper, the selected CRs and voltageare8 , 12 ,16
20 , and 110 V. Voltage and current waveforms when output
power is 1.0 kW and resistance is 12 are given in Fig. 15.
The input current i in transmitter A lags its input voltage ua
by 18", which ensures that the current is sufficient to charge the
parasitic capacitors of the MOSFETS. Zero-voltage switching is
achieved and the switching losses and noises are reduced.
Experimental results on system power and efficiency in ambi-
ent air condition are shown in Fig. 16. The three-phase wireless
charging system is able to deliver 1.0 kW from transmitters to
receivers. As the resistance varies in Fig. 16(a), the efficiency
is maximized at 92.41%. Furthermore, it is demonstrated in
Fig. 16(b) that the system transfers 1.0 kW at dc—dc efficiency
of 92.41% when the output voltage is constant at 110 V. Exper-
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iments under water and seawater conditions, in which multiple
bottles of water or seawater are placed along the coils, are also
separately conducted. The differences of the results among am-
bient air, water, and seawater conditions are very minor, which
areshownin Fig. 17. The proposed concept is, thus, verified by
experiment.

V. CONCLUSION

In this paper, a three-phase wireless charging system for
lightweight AUV sisproposed and analyzed. Three dimensional
(3-D) FEA simulations are performed to show the generated
magnetic field by the proposed three-phase coil structureis con-
centrated in the coil structure and out of the AUV’s hull, which
has fewer adverse effects on the existing electronics devicesin
the AUV. Circuit analysis and compensation methodsto achieve
resonance are presented. A three-phase wireless charging sys-
tem isdesigned and built for experiment. It is demonstrated that
the system successfully delivers 1.0 kW with a dc—dc efficiency
of 92.41% at 465 kHz, which verifies the proposed design.

Our future work includes 1) downsizing the power electron-
ics circuits and minimizing the number of transistors used in
experiment and 2) the effects on marine life at the frequency of
interests.
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