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Abstract: Spiral coaxial coils are widely used in wireless charging systems for autonomous underwa-
ter vehicles (AUVs). However, these coils can generate axial electromagnetic interference that may
adversely affect the electronic components contained within the AUV. In order to overcome this issue,
this paper introduced a pair of radially coupled coils which implement distributed ferrite cores. The
mathematical model of the curly coils was derived, and its geometry parameters were optimized
through the use of genetic algorithms. ANSYS Maxwell was used to analyze and optimize the layout
of the ferrite cores. A prototype of the AUV wireless charging system was presented, demonstrating
a maximum efficiency of 94% at 2.2 kW in salt water. The rotation adaptivity of the system was also
tested, revealing stable output performance within the possible roll-angle variations of the AUV.

Keywords: underwater charging; AUV; docking

1. Introduction

Autonomous underwater vehicles (AUVs) are playing an increasingly important role
in ocean observation and exploration missions [1,2]. However, due to the limited energy
supply of on-board battery packs, AUVs can only operate continuously for a short period,
usually within one day. To enhance their endurance, underwater docking stations have been
developed and deployed at the seafloor to recover and recharge AUVs automatically [3,4].
While using a commercial wet-mateable connector (WMC) to electrically connect the AUV
and docking station is a mature way to recharge the AUV battery [5], wear and seal failure
problems limit the long-term reliable usage of the WMC. Therefore, underwater wireless
charging has become a promising technology to support AUV energy supply.

The design of the coil structure is a critical issue for the development of wireless
charging systems. The characteristics of the coupler, such as weight, coupling coefficient,
and misalignment tolerance, significantly affect system performance in real-world applica-
tions. Granger developed two types of couplers for the AUV wireless power transmission
(WPT) system [6,7]. One is a pair of coaxial spiral coils embedded in a stab connector,
which requires precise alignment when the AUV stops at the docking station. The other
inductive coupler consists of four transmitting coils installed evenly on the inner surface of
the docking station. The system achieves a charging power of over 450 W with an efficiency
of 75%. Similarly, a three-phase wireless charging system was proposed for lightweight
AUVs [8]. However, these couplers have little tolerance against the rotation of AUVs,
which means that the docking station should include a guiding mechanism to limit the
AUV’s poses.

To simplify the complexity of the docking station, researchers have proposed many
rotation-adaptive wireless charging prototypes. Yan developed a rotation-free LCC-LCC
compensated system, which provides stable mutual inductance even when the rotational
misalignment is close to 90 degrees [9]. However, the receiver is too complicated to
fabricate as it has double layers with eight windings. A pair of simple coaxial spiral coils
without ferrite cores was proposed previously in the literature [10,11]. The receiving coil
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was mounted outside the AUV, perfectly matching the shape of the AUV. Although these
couplers can adapt to any of the rotation angles of AUVs, the resulting axial electromagnetic
interference cannot be ignored. Cai developed a fit-to-surface magnetic coupler where
the receiver weighs only 600 g [12], while the transmitter of the wireless charging system
requires a heavy ferrite core. Some couplers have been designed as a general module
equipped outside the vehicle [13-15]. However, these couplers can affect the hydrodynamic
performance of AUVs. In order to enhance system efficiency in a seawater environment,
Yan conducted research on a square coupler that utilizes planar ferrite cores with single-
sided compensation [16]. The use of the SN topology in this system ensures that the
phase-angle difference between the two coils is larger than 90 degrees, resulting in a
significant reduction in eddy-current loss within the conductive medium. Additionally,
the literature [17] has introduced an efficiency model which calculates the environmental
electric field for underwater AUV WPT systems and optimizes the system’s frequency for
various operating conditions. However, due to topology limitations, the methods presented
did not yield satisfactory results in terms of system efficiency.

To address the above-mentioned issues, this paper proposed a radially coupled AUV
wireless charging system with distributed ferrite cores and LCC-S topology. The fabricated
coils cover half of the circumference of the AUV, and the mathematical model of the coils
was derived. Additionally, the electrical parameters of the resonant networks and the
layout of ferrite cores were both optimized. Validation experiments of the proposed system
were conducted in a saltwater environment for further analysis. As such, this study offers
a promising solution to improve the energy supply of AUVs for underwater exploration.

2. Coupler Design
2.1. System Overview

The general overview of the AUV wireless charging system is shown in Figure 1. The
receiver is embedded in the AUV bottom shell with distributed ferrite cores. The main
magnetic flux generated by the coils is along the radial direction of the AUV. The diameter
of the AUV is 180 mm. Thus, the diameter of the transmitting and receiving coils were
selected to be 200 mm and 180 mm, respectively, to fit with the AUV-docking operations.
The central angle of the coils is 180 degrees. By designing the interval of ferrite cores,
the coil can adapt to different rotational misalignments. The detailed performance was
determined by the possible roll angle after the AUV enters the docking station. Define that
the number of turns of the transmitting and receiving coils were defined as Ny and Nj, and
the width was Dq and D».

Receiving coil
Ferrite core

Transmitting coil

Figure 1. Coil installation in the AUV.

2.2. Modeling of Coils

In addition to the determined parameters of the coils, the turns and widths were
also designed. First, the relationship between the geometry and inductance of the coils
was investigated. For a thin-walled cylinder or planar rectangular coil, the inductance
calculation formula has been widely studied. However, the structure of radially coupled
coils is not symmetrical; as a consequence, it is difficult to use the existing formula to build
the model. It was verified that when the operating frequency of the magnetic field is within
100 kHz, the model was similar to that of the static magnetic field [17]. The magnetic
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induction intensity dB excited by the coil can thus be expressed using the Bio—Savart
law [14,18]:

=~ pldl x e,
dB = i )

where jp denotes the permeability of vacuum, I denotes the winding current, r denotes

the distance between the current infinitesimal and the field point, d I denotes the length
infinitesimal whose direction is the same as the current, and ?r denotes the unit vector
pointing from the current infinitesimal and the field point.

The generated magnetic field of coils is equivalent to the field superposition of all single
turns under the condition that the coil is tightly wound without gaps. Figure 2b,c demon-
strates the geometry of the single-turn winding in front view and side view, respectively.

(b) (c)

Figure 2. Geometry of the single-turn winding: (a) oblique view; (b) front view; and (c) side view.

The infinitesimal dl ;, along the circumferential direction (at the point S) can be calcu-
lated by

dl.;, = Rd6 2)
where R denotes the radius of the coil and 6 denotes the inclined angle between the y axis
and the line OS. The vector points from S to P; can be expressed by

x+L/2
= |y—Rcosf |. 3)
z — Rsinf

_
r
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—
Substituting (2) and (3) to (1), the magnetic induction intensity B (Bx,By, BZ) can
be expressed:

Isinwt [T —2zRsin® — yR cos 6 + R?
B, = 10 - Y S0 (4)
(\/(x+L/2)2+(y—Rcos9)2+(z—Rsin9)2)
Isinwt [T x+ L/2)Rcos@
By _ Ho e / ( ) 3d9 (5)
<\/(x+L/2)2+(]/—Rcos@)2+(z—Rsin6)2>
Isinwt [T x+L/2)Rsinf
B, — 1o - ( ) 9 (6)

(\/(x +L/2)*+ (y — Rcos)® + (z — Rsin9)2>3

where w denotes the angular frequency of the exciting current, t denotes the time step,

¢ denotes a unit vector with the same direction as the magnetic-flux density at the field
point. It can be seen from Equations (4)—(6) that the magnetic-induction intensity should be
calculated by the elliptic integral method and infinite series, both of which consume much
computational time.

To simplify this process, the winding was divided into limited segments to approxi-
mate the superposition of the infinite infinitesimals. Assuming that the length and width
of the approximated infinitesimal is denoted as Al and RA#, the magnetic flux A¢ going
through the infinitesimal can be calculated by:

A = Beenter AIRAB cos 7y (7)
—
where v is the inclined angle between the vector Bty and the normal vector of the

infinitesimal area. The currents in the transmitting and receiving coil can be defined as I
and I, respectively. The mutual inductance of the two coils can be calculated by

Nz Nr Nl
L (X AP+ L Adui)
i=1 j=1 k=1

M =

T ®)
where N; and N denote the number of divided windings in the straight line and curve
segments, respectively. A¢; ;) denotes the magnetic flux generated by the j-th curve
segment of the i-th turn. Ag; ;) denotes the magnetic flux generated by the k-th straight
line segment of the i-th turn. The inductance of primary (L) and secondary (Ly) coil can be

calculated by
N N, N; N2 Ny N;
L (X AP+ L Apuiy) L (X AP+ L Apuiy)
i=1 j=1 k=1 i=1 j=1 k=1
Ly = I , L= 2 : )

2.3. Optimization of the Coupler

In general, a large mutual inductance of the wireless charging system corresponds to
a larger power-transmission capability. However, the weight of coils will increase as the
mutual inductance becomes larger. This will increase the system cost and the difficulties
in buoyancy balance of AUV. Thus, this paper used the NSGA-II algorithm embedded in
the optimization toolbox in MATLAB to optimize the turns and width of the coupler. Two
objective functions f; and f;, are defined as:

maxfi (N1, Ny, D1, Dy) = M, maxf(N1, Ny, D1, D) = —m (10)
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where m denotes the total weight of the coils. According to the adjustable buoyancy of
AUV and the requirement of transferred power, the constrain conditions are given as:

02<m<0.8
st. < M>110uH (11)
Ni,N; € [1,2,3,..]

Figure 3 illustrates the solution set (Pareto optimal front) of the coils, with the red
circle indicating the selected solution that has the smallest winding mass when the mutual
inductance satisfies the condition (10). The corresponding turns of the transmitting and
receiving coils are 21 and 20, respectively, and the width of the coils is 210 mm and 200 mm.
It is important to note that the optimization process aimed to obtain a lighter weight of
coils at an expected transferred power and design a possible coil geometry, rather than
determine the specific parameters of self-inductance and mutual inductance of the coils.
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Figure 3. Solution set of the coil optimization.

As AUVs usually experience roll angles after docking operations, the coupler of the
wireless charging system should be able to maintain a stable mutual inductance under
possible rotational misalignments. To achieve this, this paper deployed ferrite cores for the
coils to improve the coupling coefficient, as well as the rotation adaptivity. Additionally,
the use of ferrite cores can constrain the magnetic field around the AUV shell, reducing
potential electromagnetic interference. Considering the low temperature of seawater, the
system used Mn-Zn based ferrite cores (PC95) to design the coupler.

To investigate the impact of ferrite cores on the coupler, the coils without ferrite cores
and with three pairs of ferrite cores were simulated in ANSYS Maxwell. The coupler,
excited by a 35 kHz-10 A sinusoidal wave, was analyzed in a seawater environment. It can
be observed in Figure 4 that the magnetic flux is almost evenly distributed between the
two coils without ferrite cores, while the addition of ferrite cores in Figure 5 significantly
changes the distribution of the magnetic flux. This is because the magnetic flux prefers
the transmission route with lower magnetic resistance. The permeability of ferrite cores is
much greater than that of seawater and air inside the AUV.

Figure 6 illustrates the coupling coefficient of the coils and its rate of variation under
different pairs of ferrite cores. The number of core pairs varied from 0 to 7 in the simulation.
It is observed that as the number of ferrite cores increases, the coupling coefficient also
increases. While a larger mutual inductance corresponds to better power-transmission
performance, the mass of ferrite cores would also become larger, increasing the burden of
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buoyancy regulation on the AUV. By observing the variation rate of the coupling coefficient,
it is found that when the number of pairs of ferrite cores is greater than three, the growth
rate of the coupling coefficient becomes relatively small (less than 2%). This means that the
cost to increase the mutual inductance of the coupler becomes larger. Therefore, the WPT
system used three pairs of ferrite cores to improve its performance.

(a) (b)

Figure 4. Simulation of the coupler without ferrite cores: (a) the coil model; (b) the front view; and
(c) the side view.

(b)

Figure 5. Simulation of the coupler with 3 pairs of ferrite cores: (a) the coil model; (b) the front view;
and (c) the side view.
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Figure 6. Coupling coefficient under different pairs of ferrite cores.
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Besides the number of ferrite cores, the distribution central angle is also a critical
parameter for the coupler. Figure 7 demonstrates the coupling coefficient of the coils at
distribution angles of 15, 30, 45, 65 and 85 degrees, respectively. When the rotational
misalignment varies, the ferrite cores distributed with a 30-degree central angle outperform
in the coupling coefficient. Therefore, the coupler of the WPT system used three pairs of
ferrite cores with a 30-degree distribution angle.

A time-varying electromagnetic field can induce eddy-current power loss in conduc-
tive media. Seawater is exactly the kind of conductor which increases the extra power
loss of the AUV WPT system. Therefore, it was necessary to investigate the potential
effect of eddy-current loss on efficiency. The objective of this paper was to develop a 2 kW
prototype WPT system. The corresponding simulation result of eddy-current loss around
the coils was computed and is shown in Figure 8. It can be seen that the power loss mainly
occurs around the ferrite cores. This result agrees with the distribution of the magnetic
flux generated by the coils. The total power loss in seawater is about 2% of the transferred
power. If a lower power loss is required, the distance between the two coils should be
reduced, which may increase the difficulty of docking operations.

0.8 T T T T T

Coupling coefficient

0 5 10 15 20 25 30

Rotational misalignment /°

Figure 7. Coupling coefficient under different pairs of ferrite cores.

Ohnic-Loss
[W/n*31

1.3841E402
. . .

Figure 8. Eddy-current loss in sea water.
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3. AUV WPT System
3.1. WPT Circuit

The composition of the AUV wireless charging system is presented in Figure 9. The
inverter is powered by a DC source and generates high-frequency alternating-current
(AC) power to the primary coil after tuning by the compensation network. Then, a same-
frequency voltage is induced on the secondary coil and is rectified after tuning by the
compensation network. Finally, the rectifier provides a DC voltage to the charger and
transfers the energy to the AUV battery packs. The LCC-S (L;C;C; — Cs) compensation
network was utilized in the system because of its stable transmission performance [18,19].
The key step in designing the circuit was to construct independent controllers at each side
to prevent utilizing the signal feedback from the other side; as a consequence, the system
can operate robustly in the presence of a signal delay and even interruptions.

DC-Source Inverter Coﬁptensalzion Rectifier I_;‘;I_Charger
etwor Y Yy M
Qpl sz AD 7 D ST L.
_‘| _| C2 M C ! 2 l
/8 e .+ Gl [
1+ v il il ” A1 i = | T
Uy L L, I $ C T
Qp3 Q AN de _| _-:-
4 R,
{G B Coupler KD, K D, BAT
\A 4 A A 4 g v
| Contoller+Driver | g | Controller+Driver g
-« - |

Transmitting Side Receiving Side

Figure 9. AUV wireless charging circuit.

In the rest of this paper, the charger and battery are regarded as an equivalent load R,
in the analysis. The symbol M denotes the mutual inductance of coupled coils, C,,; denotes
the filtering capacitor of the rectifier, and L, L, denote the inductance of the primary and
secondary coils, respectively. Ry, Ry denote the AC resistance of L, L, respectively.

3.2. Topology Design

Figure 10 demonstrates the equivalent circuit of the AUV WPT system. The equivalent
DC source and load are calculated by:

8

Req = ;Ro 12)
22U,

Us = =~ (13)

LCC-S topology is widely used in the WPT community. Here, the parameter-calculation
process of the topology is briefly introduced [12]. To achieve a resonant state of the double-
sided circuits, three capacitances should satisfy:

1 1 1
Cl_wTLf’ Cz—m, Cs_a)TLz (14)

where w denotes the angular frequency of the system. The reflected impedance to the
primary side Z, and the total input impedance Z;, can be written as:

(wM)?
Zy= "7 15
"= R+ R (15)
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1
Zin = jwLg + - 7 (16)
JWC + IR 2w

Based on the Kirchhoff law, each branch current can be calculated as

_Us

I, = , 17
"=z a7)
Ug — I, L
Ip - S in-f . (18)
jwlLq +R1+Z7’+jwiC2
and
I, = jwMIp/(qu + Rz). (19)

The input power P;,, output power Py, output voltage V,,; and the efficiency 7 of
the system can thus be computed as:

Pin = |Lin|*Re(Zin), Pout = |Is|* Reg (20)

Vour = ‘Is|Req/ n= pout/Pin % 100%. (21)

Figure 11a shows the simulation results of the LCC-S topology-based WPT system.
The input voltage of the WPT system is 400 VDC, the operating frequency is 35 kHz, and
the AC resistance of both the transmitting and receiving coils is 0.2 Q2 in the simulation. It
is observed that as the load resistance becomes larger, the load power gradually decreases.
However, the voltage ratio of the output voltage to the input voltage remains relatively
stable at 0.78. This result proves the robustness of the LCC-S topology in case of load
change, making it suitable for most commercial DC-DC chargers that operate under a
narrow input range. Figure 11b demonstrates the system efficiency under different mutual
inductance of the coupler. It is observed that as the mutual inductance increases, the system
efficiency also increases. When the mutual inductance is larger than 110 puH, the variation
of the system efficiency is not obvious, and the efficiency stays close to 97%. It should be
noted that an appropriate mutual inductance of the coils can not only reduce the weight of
the coupler but also provide a high system efficiency.

L, & I G

A

A\:\‘

(o,

Figure 10. Equivalent circuit of the AUV WPT system.
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Figure 11. Simulation of the WPT system: (a) the load power and voltage gain under different loads;
and (b) system efficiency under different mutual inductance.

4. Experiment

Figure 12 demonstrates the experimental platform of the WPT circuit for the AUV
docking system. To verify the system performance in sea water environment, we deploy
the coils in a saltwater tank with the mass fraction of 2.38% [11]. The equipment and
elements used in the experiment are listed in Table 1. The dead time of the inverter is 300 ns
to prevent short circuiting of the bridge leg of the inverter. The measured or calculated
parameters of the circuit are given in Table 2. It is noted that the charger and battery were
substituted by an equivalent load in this research.

Table 1. Equipment and elements used in the experiment.

Equipment Brand (Parameters)
Power source Keysight N8762 (600 V/8.5 A)
Controller DSP-TMS320F28335
MOSFET Qp1~Qps G1MO080120B
Diode D1~Dy MURB30120PT-BP

Table 2. Measured or calculated parameters in experiment.

Parameter Value
Coil inductance L and its AC resistance Ry 183.13 uH, 0.17 O
Coil inductance L, and its AC resistance Rj 180.02 uH, 0.17 O
Compensation capacitance Cq 117.8 nF
Compensation capacitance Cp 1214 nF
Compensation inductance L i 175.5 uH
Compensation capacitance Cs 114.2 nF
Operating frequency f 35 kHz

Figure 13a demonstrates the coupler performance of the AUV WPT system under
different rotational misalignments. It is observed that as the AUV roll angle (rotational
misalignment) becomes larger, the coupling coefficient becomes smaller. The coupler with
ferrite cores has higher mutual inductance than that without ferrite cores. It is noted that
the coupler with ferrite cores has a smaller decline rate compared to that without cores.
This result indicates that the ferrite cores can help improve the rotation adaptivity of the
AUV wireless charging system.
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Figure 12. Experimental platform of the WPT system: (a) WPT system; and (b) coupler.
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Figure 13. System performance under different rotational misalignment: (a) coupling coefficient vs.

rotational misalignment; and (b) load power and output voltage vs. rotational misalignment.
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Figure 13b shows the load power and output voltage of the system under different
rotational misalignments. It can be seen that the calculated results are similar to the
measured results. The major difference of two curves is possibly caused by the sinusoidal
excitation assumption, in which the rectifier with a large filtering capacitance can be
regarded as a pure resistor. However, this assumption is only accurate enough under
double-sided complete resonance of the compensation network. It is observed that when
the roll angle of AUV is 30 degrees, the variation of the output voltage is reduced by about
35 V. This variation is inherently caused by the variation of self-inductance and mutual
inductance of coils. If the rectifier is connected to a charger, the charger should be able to
adapt to a 35 V voltage variation. Note that although rotational misalignment is possibly
inevitable, the efficiency of the developed system maintains relatively stable.

Figure 14 demonstrates the measured waveforms of the inverter at load powers of
2 kW and 200 W, respectively. The voltage probe is isolated and the voltage waveforms at
two states are 500 x and 1000 x attenuated, respectively. It is observed that when the load
power is 2 kW, the measured current waveform is very close to a sinusoidal wave, indicating
that the system operates in a resonant state. When the transferred power decreases to
200 W, the current waveform becomes distorted. The pure resistor equivalence of the
rectifier at this stage is not accurate enough, causing the resonance deviation of the system.

Since the battery charging process is load-changing, the load power and efficiency of
the AUV WPT system under different load conditions were investigated in the experiment.
It is observed in Figure 15 that the calculated results are nearly consistent with the measured
results. The deviation becomes larger as the load value increases. This result corresponds
to the resonant state of the system, which deviates from the sinusoidal assumption under a
light load. When the load power is 2.2 kW, the system efficiency reaches 94% in a saltwater
environment. Even when the load changes from 20~800 (), the system efficiency stays
larger than 80%, verifying the robustness of the system.
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Figure 14. Waveforms of the inverter (the green waveforms indicate the inverter voltage, and the
waveforms in magenta indicate the inverter current): (a) load power at 2 kW; and (b) load power at
200 W.



J. Mar. Sci. Eng. 2023, 11, 1180

13 of 14

2500 w ' . 0.95
H O Load power (measured)
. LN === 0ad power (calculated)
2000 1 s - - - —Efficiency (calculated) 0.9
E é MR ;\ L m  Efficiency (measured) o\\°
g 1500 - {, S~ .. >
S b .~ 1085 &
31000 =l =
| x S S L
500 | o\°~ 0.8
b.io-?___o_--- o i e o
0 1 ' S N
0 200 400 600 800

Load resistance /Q
Figure 15. Output power and efficiency under different loads.

5. Conclusions

The use of radially coupled coils is crucial in the development of an AUV wireless
charging system. This technology is better able to suppress electromagnetic interference
than traditional coaxial coils. With distributed ferrite cores, the LCC-S-topology-based WPT
system is able to maintain a stable output even under possible rotational misalignments of
the AUV. The system can achieve a maximum efficiency of up to 94% at 2.2 kW output power
in simulated seawater environments. Table 3 provides a summary of the characteristics
of the latest prototype for the AUV wireless charging system. The number of black stars
indicates the degree of performance depth. The proposed system outperforms state-of-
the-art AUV wireless charging systems in terms of transferred power, weight, rotation
tolerance, and fabrication difficulty.

Table 3. Comparison of existing AUV wireless charging systems (five solid stars indicate full marks).

Coaxial Spiral Fit-to-Surface Three-Phase . .
Coupler Type Coils [10] Coils [12] Coils [8] Curly Coils [19] This Paper
Maximum 90.0% 95.1% 92.4% 95.0% 94%
efficiency (DC-DC) (in seawater) (in air) (in air) (in air) (in salt water)
Power 680 W 1kW 1kW 1kW 22kW
Weight of coupler 2 8.8 .8 A1 2. 2.8 .8 0% 2 8.8 $X071 b 8. 87 p%ane b 8.8 SX0%s
Electromagnetic e dkk N kKoo e dk e N
interference
Rotation Tolerance 2 2.8.9.8 ¢ 2 8.8 SX0%1 2 2.8 8 071 .8 S*OAGhs 0 8.8, 0 8%¢
Easy to fabricate b2 8 8*0%¢ L8 8.8 8¢ L. 8.8 8<0%¢ 0.8 8.0, L8 8. 8. 0%¢

Future work will focus on integrating the WPT system into an AUV and docking

station for sea trials and applications.
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