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A Rotation-Free Wireless Power Transfer System With Stable Output Power
and Efficiency for Autonomous Underwater Vehicles

Zhengchao Yan , Student Member, IEEE, Baowei Song, Yiming Zhang , Member, IEEE,
Kehan Zhang , Zhaoyong Mao, and Yuli Hu

Abstract—This letter proposes a rotation-free wireless power
transfer system based on a new coil structure to achieve stable
output power and efficiency against rotational misalignments for
charging autonomous underwater vehicles. The new coil structure
has two decoupled receivers composed of two reversely wound re-
ceiver coils and the magnetic flux directions of the two receivers
are perpendicular to each other, guaranteeing a relatively constant
total mutual inductance and a decoupled characteristic under ro-
tational misalignments. The proposed coil structure is verified via
finite element analysis based on ANSYS Maxwell. A rotation-free
LCC–LCC compensated WPT prototype is built and the experi-
mental results verify the theoretical analysis and simulations. The
system can deliver 664 W with a dc–dc efficiency of 92.26% under
the best case and 485 W with a 92.10% dc–dc efficiency under the
worst case.

Index Terms—Autonomous underwater vehicles (AUVs),
decoupled, rotation-free, wireless power transfer (WPT).

I. INTRODUCTION

W IRELESS power transfer (WPT) technology can be
applied in numerous situations [1], [2], such as au-

tonomous underwater vehicles (AUVs) [3], [4]. The conceal-
ment and utilization rate of the AUV can be significantly
improved by using a seafloor base station to supply power wire-
lessly to the AUV. Feezor et al. [3] developed a wireless charging
system, which could transfer 200 W power and signals for the
AUV. Li et al. [4] designed an underwater WPT system and
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studied the effects of the gaps and misalignments between the
transmitter and the receiver. The system can transfer 400 W
with a 90% efficiency at a 2 mm gap. Orekan et al. [5] pro-
posed a maximum power efficiency tracking method to esti-
mate the real-time coupling coefficient in an underwater WPT
system, which can effectively track the maximum efficiency
over 85%. However, they did not consider the compatibility of
the coil structure and the hull of the AUV, which can improve
the hydrodynamic performance of the AUVs. A hull-compatible
coaxial coil structure was studied and the power losses of dif-
ferent parts were evaluated to optimize the system efficiency,
which had a 45 W output power with an 84% efficiency [6].
Kan et al. [7] proposed a three-phase wireless charging sys-
tem compatible with the AUV’s hull. The magnetic field was
concentrated to have less influence on the electronics com-
ponents in the AUV. The system can achieve 1 kW under a
92.41% dc–dc efficiency. However, the system was not immune
to the rotational misalignment. Therefore, another three-phase
WPT system was proposed that not only preserved the merits
of the former one, but also improved the performance during
the rotational misalignments. However, the output power and
the efficiency were not so stable, with a maximum of 745 W
at an 86.19% dc–dc efficiency under the best case and a min-
imum of 321 W at a 76.24% dc–dc efficiency under the worst
case [8].

Due to the impact of the sea flow, the rotational misalign-
ments always occur. In order to achieve stable output power and
efficiency against rotational misalignments during the charg-
ing process, this letter proposes a hull-compatible coil struc-
ture to stabilize the total mutual inductance. The proposed coil
structure is verified via finite element analysis. A rotation-free
LCC–LCC compensated WPT prototype is set up to validate the
analysis.

II. COIL DESIGN

The general overview of the WPT system for the AUVs is
shown in Fig. 1(a). The receivers are embedded in the AUV’s
shell. When the AUV enters the recovery cage and arrives at
the left side of the recovery cage, it will stop. Then, the AUV
will be fixed with the recovery cage by mechanical devices. The
transmitter is also fixed with the recovery cage. Therefore, the
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Fig. 1. (a) General overview of the WPT system for AUVs. (b) Proposed
rotation-free coil structure.

wireless charging process can be performed for the AUV. The
proposed new coil structure is shown in Fig. 1(b). It consists
of one transmitter (L1) with two green rectangular windings
and two double-layer receivers, namely Receiver I (L2) with
four orange circular windings and Receiver II (L3) with four
yellow circular windings. These eight windings are wound on
the circular ferrites in a double-layer way. For the purpose of
symmetry, each receiver is composed of alternate inner and
outer windings, with two reversely wound directions, and the
magnetic flux directions of the two receivers are perpendic-
ular to each other, guaranteeing a relatively constant total mu-
tual inductance and a decoupled characteristic against rotational
misalignments.

The self-inductances of Receiver I (L2) and Receiver II
(L3), the mutual inductances between the transmitter and
Receivers I and II (M12 and M13), and the mutual inductance
between the receivers (M23) varying with the rotational mis-
alignments simulated in ANSYS Maxwell are shown in Fig. 2.
L2 and L3 remain relatively stable and identical due to the al-
ternate inner and outer coil structure. M23 is small enough to be
neglected. The total mutual inductance between the transmitter
and the receivers Mtot presents a relatively stable trend, which
can be expressed as follows:

Mtot = |M12 | + |M13 | . (1)

III. CIRCUIT ANALYSIS

The circuit topology for the proposed WPT system is de-
picted in Fig. 3, where the LCC–LCC topology is adopted to
keep the coil currents constant against rotational misalignments.
The double-sided LCC topology has a constant-current output,

Fig. 2. Simulated self-inductances and mutual inductances.

Fig. 3. Circuit topology.

which enables the parallel connection of the two rectifiers on
the receiver side. On the transmitter side, L1 is the transmission
inductance, C1 is the series compensation capacitance, Cf1 is
the parallel compensation capacitance, Lf1 is the compensation
inductance, Ubus is the inverter dc voltage, and U1 is the inverter
ac voltage. L2 (L3), C2 (C3), Cf2 (Cf3), Lf2 (Lf3), Ubat, and U2
(U3) are their counterparts of Receiver I (II).

At resonance, we have

jω0Lf i +
1

jω0Cf i
= 0, jω0Li +

1
jω0Ci

+
1

jω0Cf i
= 0, i = 1, 2, 3 (2)

where ω0 is the resonant angular frequency. With the Fourier
decomposition, U1 , U2 , and U3 can be obtained as follows:

U1 =
2
√

2
π

Ubus , U2 =
2
√

2
π

Ubat , U3 =
2
√

2
π

Ubat . (3)

The currents can be obtained as follows:
⎧
⎪⎪⎨

⎪⎪⎩

ILf1 = 1
ω0 L f 1

(
M 1 2 U2

L f 2
+ M 1 3 U3

L f 3

)
,

ILf2 = M 1 2 U1
ω0 L f 1 L f 2

, ILf3 = M 1 3 U1
ω0 L f 1 L f 3

I1 = U1
ω0 L f 1

, I2 = U2
ω0 L f 2

, I3 = U3
ω0 L f 3

.

(4)

The receivers are identical: L1 = L2 and Lf2 = Lf3 . The output
power can be calculated as follows:

Pout = U2If 2 + U3If 3 =
8UbusUbatMtot

π2ω0Lf 1Lf 2
. (5)
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Fig. 4. Experimental prototype.

Fig. 5. Simulation model of the practical coil structure.

It can be seen that Pout is proportional to Ubus, Ubat, and Mtot.
The transfer efficiency η can be expressed as

η =

Pout

Pout +I2
1 R1 +I2

2 R2 + I2
3 R3+I2

Lf1RLf1+I2
Lf2RLf2+I2

Lf3RLf3

(6)

where R1 , R2 , and R3 denote the equivalent resistances of the
transmitter and receivers; RLf1, RLf2, and RLf3 represent the
equivalent resistances of the compensation coils.

IV. EXPERIMENTAL VERIFICATION

An experimental prototype based on the proposed rotation-
free coil structure is implemented, as shown in Fig. 4. The arc
cores for the receivers are unavailable, so the ferrite bars are
adopted as a replacement in the prototype. The simulated model
of the practical coil structure is shown in Fig. 5. The rotational
misalignments vary from 0° to 90° both in the simulations, and
the experiments for 90° is the rotational period. The system
specifications and the circuit parameters at the best case are
tabulated in Table I.

Fig. 6 shows the simulated and measured total mutual induc-
tances varying with the rotational misalignments, which indi-
cates that the total mutual inductance remains approximately
identical during rotational misalignments. The total mutual in-
ductance is maximized at 0° and minimized at 22.5°. The

TABLE I
SYSTEM SPECIFICATIONS AND CIRCUIT PARAMETERS

Fig. 6. Simulated and measured total mutual inductances.

Fig. 7. DC–DC efficiency and output power versus rotational misalignments.

discrepancies between the measurements and the simulations
may be caused by the parameter mismatch.

The dc–dc efficiency and the output power varying with
the rotational misalignments are shown in Fig. 7. The effi-
ciency and the output power remain relatively stable against
rotational misalignments. The system can deliver 664 W with
a dc–dc efficiency of 92.26% under the best case of 0° and
485 W with a 92.10% dc–dc efficiency under the worst case of
22.5°.
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V. CONCLUSION

A rotation-free WPT system based on a new coil structure
for charging the AUVs has been proposed. The two receivers
are decoupled and the total mutual inductance remains rela-
tively stable. Therefore, constant output power and efficiency
are achieved against rotational misalignments. A rotation-free
WPT prototype has been built and the experimental results have
verified the theoretical analysis and simulations. The system can
deliver 664 W with a dc–dc efficiency of 92.26% under the best
case of 0° and 485 W with a 92.10% dc–dc efficiency under the
worst case of 22.5°.
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