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Abstract—This paper presents a rotation-resilient wireless
charging system with a reversely wound receiver that supports effi-
cient charging for lightweight autonomous underwater vehicles. By
employing a two-part reversely wound receiver coil structure, the
total mutual inductance of the proposed coil structure remains rel-
atively constant when rotational misalignment between the trans-
mitter and receiver coils occurs, thereby ensuring wireless charg-
ing power is nearly continuous during rotational misalignment.
Finite element analysis was performed with ANSYS Maxwell to
verify the proposed coil structure. Double-sided LCC compensa-
tion topology was applied and circuit analysis was conducted via
a mesh current method. A prototype of the rotation-resilient wire-
less charging system with the proposed coil structure was built
and tested. Experimental results are well-matched to simulations,
demonstrating that the system can deliver 745 Watts at a dc-dc
efficiency of 86.19% when the system is fully aligned, and efficient
under worst-case rotational misalignment.

Index Terms—Wireless Power Transfer, Magnetic Coupling,
Autonomous Underwater Vehicles, Rotational Misalignment.

I. INTRODUCTION

MAGNETIC resonance-based wireless power transfer has
been widely applied in charging electric vehicles [1]–[3],

consumer electronics [4]–[5], and biomedical implants [6]–[8].
Wireless charging of autonomous underwater vehicles (AUVs)
is also an important application [9]–[17]. Since the mission
tournament time of an AUV can be significantly increased via
efficient and high-power wireless charging, and since the sur-
rounding seawater environment makes for unique challenges
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relative to the other well-studied areas, this paper focuses on
wireless charging of AUVs.

Research in this field started with Freezor et al. [9] and has
been expanded into multiple directions since. For example, some
researchers targeted improving the transferred power level with
high efficiency: Kojiya et al. developed a cone-type coil struc-
ture and wirelessly delivered 500 Watts at a coil-to-coil effi-
ciency of 93.1% [11]; Li et al. performed reluctance modeling
and conducted experiments on a wireless charger with a pla-
nar coil structure, achieving 400 Watts of power transfer at a
DC-DC efficiency of 90% [12]; Cheng et al. proposed a semi-
closed magnetic core structure, analyzed the power loss, and
built an underwater wireless charging system to transfer 10 kW
at a DC-DC efficiency of 91% [13]. However, such work did
not carefully consider the compatibility of the AUV’s hull –
the hull resistance in such cases may increase after installation,
and, as a result, the AUV’s speed might be reduced. As a re-
sult, other researchers have aimed at designing hull-compatible
coil structure and addressing the AUV’s hull resistance increase
after coil structure’s installation: Shi et al. presented a coaxial
coil structure which could be installed around the AUV’s hull
with few adverse effects and established a prototype to transfer
45 Watts at 84% efficiency [14]; Lin et al. further studied the
coaxial structure, performed the loss analysis, and enhanced the
output power to 300 Watts with an efficiency of 77% [15]. In
general, a coaxial coil arrangement showed good compatibility
with the AUV’s hull and efficiency was acceptable; however,
the generated magnetic field was divergent within the hull, and
thus might adversely affect electronic instrumentation within the
AUV. Thus, Kan et al. proposed a wireless charging system with
a hull-compatible three-phase coil structure, studied the mag-
netic field distributions, and demonstrated that the concentrated
magnetic field had less impact on the instrumentation within the
AUV. Moreover, a prototype was built and tested, demonstrat-
ing 1.0 kW of power transfer at a DC-DC efficiency of 92.41%.
However, the system was very sensitive to rotational misalign-
ment and thus would require an advanced mechanical position-
ing system, which would increase overall deployment cost [16].

The undersea environment is not as stable as the ambient air
condition and rotational misalignments always occur when an
AUV is being wirelessly charged in the docking station. In order
to solve this problem with a relatively low cost, in this paper we
propose a hull-compatible coil structure with a reversely wound
receiver to improve the system performance during rotational
misalignment between the transmitter and receiver coils. Finite
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element analysis is applied to verify the mutual inductance of the
proposed coil structure is minimally affected during rotational
misalignment. A prototype of the wireless charging system with
the proposed coil structure is built and the experiment is con-
ducted. It is demonstrated by the simulation and experimental
results that the wireless charging system with the proposed coil
structure has superior performance on rotational misalignment
over the previous three-phase coil structure in [16]. This paper
is organized as: Section I gives the introduction, Section II pro-
vides the coil design, Section III performs the circuit analysis,
Section IV presents the experiment and Section V draws the
conclusions.

II. COIL DESIGN

A. Ideal Coil Design

The winding configuration and geometry of coils in a wireless
power transfer system are of great importance, as they determine
the power transfer performance and the magnetic field pattern. In
order to improve the system performance on rotational misalign-
ment, a rotation-resilient ideal coil structure with a reversely
wound receiver is proposed as shown in Fig. 1(a). It consists of
three identical transmitters and one receiver that is composed of
two cores. The three transmitters are excited by three alternating
currents with the same magnitude and frequency, but 120° out of
phase. The receiver is divided into two parts connected in series:
receiver part I and receiver part II. They have the same ferrite
core and the same number of turns, but their winding directions
are reversed from each other. The magnetic fluxes generated by
the three transmitters couple with the receiver separately and
return to the respective transmitters. As a result, there are three
mutual inductances between each transmitter and the receiver.
Since receiver parts I and II are reversely wound, the sum of
the three mutual inductances is not zero. Furthermore, as will
be shown shortly, it remains relatively constant when rotational
misalignment occurs. Fig. 1(b) gives the overview of the simula-
tion model, in which the three transmitters with water-resistant
design are placed in seawater and the receiver is fixed within
the AUV’s hull. The hull is made of fiberglass and has an outer
diameter of 200 mm.

Simulation studies on rotational misalignment are conducted
to verify the proposed ideal coil structure. Concurrently, a sim-
ulation model of the previous three-phase coil structure with
three receivers in [16] is built and the system performances on
the rotational misalignment are compared. In order to make a
fair comparison, the seawater, the hull, and the transmitters are
the same for both models. The magnitudes of the transmitter
currents and the output powers are also the same. The only
difference is in the receiver: the proposed ideal coil structure
employs one receiver with two reversely wound parts, while the
previous one uses three separate receivers. However, the number

Fig. 1. Overview. (a) Of proposed ideal coil structure. (b) Of simulation
model.

of turns of the receiver coil in the proposed ideal coil structure
is the same as the total number of turns of the three receivers in
the previous coil structure.

Power relies on the mutual inductance between the transmit-
ter and the receiver to be transferred, thus, the mutual induc-
tances are compared. For each receiver, there are three mutual
inductances and the sum of the three mutual inductance vectors
determines the power transferability. The equivalent mutual in-
ductance Meq is defined as the magnitude of the sum of the
three mutual inductance vectors for each receiver and expressed
as Eq. (1), shown at the bottom of this page, where MAR stands

Meq =
∣
∣
∣MAR · ej ·0 + MBR · e−j · 2·π

3 + MCR · e−j · 4·π
3

∣
∣
∣ =

√

M 2
AR + M 2

BR + M 2
CR − MARMBR − MBRMCR − MCRMAR

(1)
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Fig. 2. Rotational misalignments. (a) In proposed ideal coil structure. (b) In
previous coil structure.

for the mutual inductance value between Transmitter A and the
receiver, and likewise, MBR and MCR. For the proposed coil
structure, the total mutual inductance, Mtot, is the equivalent
mutual inductance, Meq. For the previous coil structure with
three receivers, the total mutual inductance, Mtot, is the sum of
the three equivalent mutual inductances.

Rotational misalignment is depicted in Fig. 2, in which the
transmitters rotate counterclockwise while the respective posi-
tions of the three transmitters are fixed. For the proposed ideal
coil structure, when the system is fully aligned, MAR reaches
its maximum while MBR and MCR are multiple times smaller.
It is because magnetic coupling occurs near the coil structure
and near Transmitter A, the part of receiver is reversely wound.
Therefore, the coupling is strong and the mutual inductance is
large. While the parts of receiver at Transmitters B and C are
wound in the same direction, the couplings are weaker and the
mutual inductances are smaller. Power thus mainly relies on
MAR to be transferred. As the rotational misalignment increases
from 0° to 30°, MAR and MBR decrease while MCR increases.
Here, power mostly relies on MAR and MCR to be transferred. As
the rotational misalignment continues increasing to 60°, MCR

goes up to the maximum and power primarily relies on MCR to
be transferred, which is the same with the fully aligned case. For
the previous coil structure, the total mutual inductance decreases
from the maximum to the minimum when the rotational mis-
alignment increases from 0° to 60° and goes up to the maximum
as the rotational misalignment increases to 120°.

Simulations with rotational misalignments are conducted and
the total inductances are compared in Fig. 3. In the fully aligned
condition, the total mutual inductance of the proposed ideal coil
structure is smaller than that of the previous coil structure. It
is because power mainly relies on MAR to be transferred while
MBR and MCR are multiple times smaller. As the rotational mis-
alignment increases from 0° to 120°, the total mutual inductance
of the proposed coil structure is almost constant while that of the
previous coil structure decreases from its maximum to 25% of
the maximum value, and increases back to its maximum. If the
rated powers of the two coil structures are both 1.0 kW, the out-
put power of the proposed ideal coil structure remains 1.0 kW
while that of the previous coil structure changes from 1.0 kW
to 250 Watts as the rotational misalignment varies from 0° to

Fig. 3. Total mutual inductances over rotational misalignment for proposed
ideal coil structure and the previous coil structure from [16].

Fig. 4. Proposed segmented coil design.

120°. In addition, simulation results demonstrate the mutual in-
ductances between each two phases of transmitters are 0.84 μH,
which is much smaller compared to the total mutual inductance
of 25 μH. Therefore, we neglect the mutual inductances between
each two phases of the transmitters in the following analysis.

B. Segmented Coil Design

In practice, it is very difficult to find two large arc-shaped
ferrite cores or their substitutions for experiments. Instead, the
smaller pieces of arc-shaped ferrite cores are employed in this
part to minimize the difference between simulation and exper-
iment. As shown in Fig. 4, each part of the receiver has three
segmented coils. Within the same receiver part (i.e., part I or
II), the three segmented coils are wound in the same direction
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Fig. 5. A comparison between the nominal value of the total mutual induc-
tances in proposed segmented coil design and that in previous coil design over
rotational misalignment.

and connected in series. Between different parts, the winding
directions are reversed. The total number of turns of the receiver
in the segmented coil design is the same as that in the ideal coil
design. In addition, four or more segmented coils will work. We
select six segmented coils since it is convenient for us to verify
the proposed segmented coil structure in experiment using the
ferrite bars available in lab.

Simulations are performed on rotational misalignment and the
total mutual inductance in the segmented coil design is smaller
than that of the ideal coil structure due to the segmented fer-
rite cores with air gaps between them. As a result, the receiver’s
self-inductance decreases and the coupling coefficients go down.
However, the segmented coil structure still has superior perfor-
mance over rotational misalignment since the largest variation is
only 25%. Fig. 5 compares the nominal value of the total mutual
inductance in the proposed segmented coil structure with that in
the previous coil structure over rotational misalignment. If both
two coil structures are nominally designed to transfer 1.0 kW, the
output power of the proposed segmented coil structures ranges
from 750 Watts to 1.0 kW when the rotational misalignment
occurs – i.e., an output power variation of only 250 Watts. This
compares favorably to the previous segmented design proposed
in [16], whose output power can go as low as 250 Watts, for a
total power variation of 750 Watts.

C. Magnetic Field Distribution

The magnetic field distributions of the proposed coil struc-
ture in the fully aligned and the worst rotational misaligned
conditions are plotted in Fig. 6. The scales of the magnetic flux
densities are the same with those in [16]: 2.45 × 10−3 T at the
maximum and 1 × 10−4 T at the minimum. The magnetic fields
of the proposed coil structure are more divergent than those of
the previous coil structure in [16], but still more convergent than
the traditional coaxial coil structure. Therefore, the magnetic
field distribution in the proposed coil structure is acceptable.

Fig. 6. Magnetic field distributions. (a) In YZ-plane. (b) In ZX-plane.
(c) XY-plane at the fully aligned and worst misaligned conditions.

Furthermore, a simulation model in ambient air condition,
in which the seawater and the AUV’s hull are omitted, is built
and simulation studies on coil parameters and magnetic field
distributions are conducted. The simulation results in ambient
air condition and seawater condition are almost the same. It is
because the relative permeability of seawater is very close to 1
and the seawater can be considered as air at the frequency of
interest. The experimental results in [16] further demonstrate
that there is almost no difference between seawater and ambient
air conditions. Therefore, the following analysis and experiment
will be conducted in the ambient air condition.

III. CIRCUIT ANALYSIS

Circuit analysis based on first harmonic approximation is per-
formed from a DC power supply all the way to DC batteries on
the AUV. Three full-bridge inverters are employed to gener-
ate three alternating voltages uA, uB, and uC, with the same
magnitude and frequency, but 120° out of phase. A full-bridge
rectifier is used to convert from AC to DC. The DC batteries
are considered as a load resistor RL in the analysis since the
voltage of the batteries is constant when they are charged at the
desired power. Fig. 7 shows the circuit diagram of the wire-
less charging system with the proposed coil structure and the
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Fig. 7. Circuit diagram.

equivalent series resistances of the components are ignored. On
the transmitter side, LCC compensation is selected to drive the
transmitters, where the auxiliary coil resonates with the respec-
tive auxiliary capacitor, creating three currents with the same
magnitude and frequency though 120° out of phase. When the
rotational misalignment occurs, even though the three mutual
inductances change and the reflected impedances from the re-
ceiver vary, the three currents remain the same. On the receiver’s
side, LCC compensation is also chosen to achieve constant cur-
rent charging, which is desired for charging batteries [18], [19].
The resistor Req is the equivalent resistor of RL.

In Phase A, the auxiliary coil Lf1A is resonant with the aux-
iliary capacitor Cf1A , and the transmitter’s self-inductance LA

is combined with the primary main capacitor C1A to resonate
with Cf1A , likewise for phase B and C. On receiver’s side, the
receiver’s self-inductance LR is cooperated with the secondary
main capacitor C2 to resonate with the secondary auxiliary

capacitor Cf2 , and the secondary auxiliary coil Lf2 is resonant
with Cf2 . The resonant conditions can be expressed as
⎧

⎪⎪⎨

⎪⎪⎩

jωLf1A +
1

jωCf1A
= 0, jωLA +

1
jωC1A

+
1

jωCf1A
= 0

jωLR +
1

jωC2
+

1
jωCf2

= 0, jωLf2 +
1

jωCf2
= 0

(2)
where ω is the angular frequency. As shown in Fig. 7, the circuit
is divided into eight meshes and mesh current method is applied
to the circuit. In the resonant condition, the matrix is derived as.

Three alternating voltages uA, uB, and uC have the same
magnitude of U. Moreover, in order to simplify the calcula-
tion, the primary auxiliary coils Lf1A , Lf1B , and Lf1C are as-
sumed to be exactly the same and equal to Lf1 . Similarly, the
primary auxiliary capacitors have the same value of C1. By
solving (3), shown at the bottom of this page, the currents are
obtained as

⎡
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(4)
Therefore, the output power can be calculated as Eq. (5),

shown at the bottom of this page.
If the power loss from the inverter and the rectifier is ignored

and only the first harmonic is considered, according to [20], the
output power from DC power supply to DC batteries is given in
Eq. (6), shown at the bottom of the next page.
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Fig. 8. Simulation model of the coil prototype.

As can been seen from (6), the results is aligned with (1).
During rotational misalignment, the total mutual inductance re-
mains constant and the output power is continuous.

IV. EXPERIMENT

Experiments are conducted to verify the proposed coil
structure. Due to the difficulty of getting arc-shaped ferrite
magnets at the frequency of interest, ferrite bars are employed
for receiver’s core in the coil prototype. The simulation model
of the coil prototype is shown in Fig. 8 and the simulations on
rotational misalignment are performed in ambient air condition.
Since 60° is the minimum period, the rotational misalignment
changes from 0° to 60° in both simulation and experiment.
A coil prototype is built based on the simulation model and
the mutual inductances between the three transmitters and the
receiver are measured during rotational misalignment. The total
mutual inductance is calculated and compared with that in the
simulation. The results are summarized in Fig. 9, which shows
that measurements are well-matched to the simulations. As the
rotational misalignment increases from 0° to 60°, the total mu-
tual inductance decreases from its maximum value 10 μH to its
minimum value 5 μH, and then increases back to 10 μH. In the
prototype, the largest variation is approximately 50% and the
variation can be minimized by using customized large or small
segmented arc-shaped ferrite magnets in future work. The cir-
cuit parameters are designed based on (2) and (6) in Section III
and measured by an LCR meter. The designed and measured
results in the fully aligned condition are listed in Table I. The
differences between the designed and measured values are very
small.

Fig. 9. Simulated and measured results of the total mutual inductances.

TABLE I
CIRCUIT PARAMETERS WHEN FULLY ALIGNED

According to the circuit analysis in Section III, a three-phase
wireless charging system using double-sided LCC compensa-
tion topology is built as shown in Fig. 10. Five rotational mis-
alignments are selected: 0°, 15°, 30°, 45°, and 60°. Both the
input DC voltage and the DC voltage of the electronic load are
fixed at 110 V. The TI microcontroller TMS320F28335 is em-
ployed to generate 12 PWMs to drive the 12 MOSFETs in the
three full-bridge inverters to achieve three square voltage waves
with the same magnitude and frequency but 120 degrees out
of phase. The switching frequency is 472 kHz, which makes
the system compact and ensures enough power to be trans-
ferred. In order to alleviate the higher switching loss, copper
loss, and core loss resulting from the high switching frequency,
SiC devices are chosen to achieve soft switching, 3000-strand
AWG-46 Litz wires are selected to minimize the skin effects,
and 3C95 ferrite bars from Ferroxcube are employed due to its
relatively low power loss at 500 kHz. The waveforms at 0° and
30° are shown in Fig. 11 and the system performance on the out-
put power and the DC-DC efficiency over different rotational

Po =
8UinUo

π2ωLf1Lf2
·
√

M 2
AR + M 2

BR + M 2
CR − MARMBR − MBRMCR − MCRMAR (6)
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Fig. 10. Experiment setup of a wireless charging system with proposed coil
structure.

Fig. 11. Waveforms. (a) When system is fully aligned. (b) When rotational
misalignment is 30°.

misalignments are plotted in Fig. 12. When the system is fully
aligned, it delivers 745 Watts at a DC-DC efficiency of 86.19%.
As rotational misalignment increases from 0° to 30°, the out-
put power drops to 321 Watts since the total mutual inductance
goes down to 4.33 μH. The efficiency decreases to 76.24%. This
decrease occurs because the total mutual inductance decreases
and more harmonics appear in the system, which can be seen
from Fig. 11(b). The experimental result in the worst rotational
misalignment is still good by comparing to the previous coil

Fig. 12. Calculation and experimental results on output power and DC-DC
efficiency over rotational misalignment.

structure in [16]. If the previous coil structure is designed to
transfer 745 Watts when it is fully aligned, it will only deliver
187 Watts at most based on the simulation results in Section II.
As the rotational misalignment continues increasing to 60°, both
the output power and efficiency go up. As can be seen from the
experimental results, the wireless charging system with the pro-
posed coil structure is more immune to rotational misalignment
than the design in [16]. Moreover, if arc-shaped ferrite mag-
nets are customized in the future, system performance could be
further improved.

In addition, in order to further verify the circuit analysis in
Section III, the power loss of the system is analyzed. The power
loss originates from power converters, coils, and capacitors. In
the power converters, the power loss mainly refers to the conduc-
tion loss of the transistors since switching loss can be ignored
due to soft switching; in the coils, the power loss is determined
by their equivalent series resistances (ESRs), which can be mea-
sured by an LCR meter; in the capacitors, the power loss is also
from their ESRs, which can be calculated by the dissipation fac-
tor and their impedance values at the frequency of interest. We
take the fully aligned case as an example. Based on (4) and (6),
the power loss in the fully aligned case is calculated as: inverter
– 14 Watts, rectifier – 17 Watts, coils – 49 Watts, and capacitors
– 48Watts. The total power loss is 138 Watts and the calculated
efficiency is 84.30%, which is close to the experimental one, i.e.,
86.19%. Furthermore, power loss in rotational misaligned cases
is calculated and the results of the output power and DC-DC
efficiency are compared with the experimental ones in Fig. 12.
It is obvious that the calculated results match well with the
experimental ones, so the circuit analysis is verified.

V. CONCLUSION

A rotation-resilient wireless charging system with a two-
part reversely wound receiver has been proposed in this pa-
per. By reverse winding, the system performance on rotational
misalignment is significantly improved, especially when large
arc-shaped ferrite cores are employed. Finite element analysis
has been conducted to verify the proposed idea and the circuit
analysis has been performed. A prototype of the wireless charg-
ing system with the proposed coil structure has been built and
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experimental results demonstrate that the output power on rota-
tional misalignment is continuous with a maximum of 745 Watts
and a minimum of 321 Watts. Furthermore, if customized arc-
shape magnets are employed, the system output power can be
even more constant during rotational misalignment.
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