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ABSTRACT: Underwater charging stations allow Autonomous Underwater Vehicles (AUVs) to recharge batteries,
extending missions and reducing surface support. However, efficient wireless power transfer requires overcoming
alignment challenges and environmental variations in conductive seawater. This paper employs Particle Swarm
Optimization (PSO) to design coupling coils specifically applied for underwater wireless charging station systems. The
establishment of underwater charging stations enables Autonomous Underwater Vehicles (AUVs) to recharge batteries
underwater, extending mission duration and reducing reliance on surface-based resupply operations. The proposed
charging system is designed to address the unique challenges of the underwater environment, such as alignment
disruptions and performance degradation caused by seawater conductivity and environmental fluctuations. Given these
distinctive underwater conditions, this study explores coupling coil design comprehensively. COMSOL Multiphysics
and MATLAB software were integrated to develop an automated coil evaluation platform, effectively assessing coil
coupling under varying misalignment conditions. PSO was employed to optimize coil inner diameters, simulating
coupling performance across different misalignment scenarios to achieve high misalignment tolerance. The optimized
coils were subsequently implemented in a full-bridge series-series resonant converter and compared with control group
coils. Results confirmed the PSO-optimized coils enhanced misalignment resistance, exhibiting a variation of coupling
coefficient as low as 4.26%, while the control group coils have a variation of 10.34%. In addition, compared to control
group coils, PSO-optimized coils achieved an average efficiency of 71% in air and 67% in seawater, outperforming
the control group coils at 66% and 60%, respectively. These findings demonstrate the effectiveness of the proposed
PSO-based coil design in improving underwater wireless power transfer reliability and efficiency.
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1 Introduction

In recent years, Autonomous Underwater Vehicles (AUVs) and Unmanned Underwater Vehicles
(UUVs) have increasingly been used to assist humans in ocean exploration, monitoring, and inspecting
underwater infrastructure. However, limited battery power significantly restricts the operational range and
duration of underwater missions. The timely nature of recharging schedules, combined with dependency on
weather conditions of the sea area, poses substantial risks to vessel crews and supply ships, as it is crucial
for AUVs to quickly resume operation. Therefore, the development of underwater charging stations enables
underwater vehicles to recharge their batteries, extending mission duration and reducing reliance on surface-
based support stations. However, charging systems must adapt to underwater conditions, overcoming
alignment issues caused by the conductive seawater and environmental fluctuations to ensure high efficiency

® Copyright © 2025 The Authors. Published by Tech Science Press.
This work is licensed under a Creative Commons Attribution 4.0 International License, which permits

unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.



https://www.techscience.com/journal/CMC
https://www.techscience.com/
http://dx.doi.org/10.32604/cmc.2025.066125
https://www.techscience.com/doi/10.32604/cmc.2025.066125
mailto:yhliu@mail.ntust.edu.tw

5792 Comput Mater Contin. 2025;84(3)

in wireless power transfer [1,2]. To address these challenges, this study aims to investigate the design of
coupling coils in the wireless power transfer system for underwater applications to further increase the
stability and robustness of the charging station.

In wireless power transfer (WPT) systems, the coupling coeflicient (k) plays a crucial role in determining
the efficiency of power transmission [3,4]. This coefficient is strongly influenced by the geometry of the coils,
the coupling area, and the air gap between the transmitter and receiver. As such, optimizing coil design to
achieve a higher k is a key objective in WPT research. Several studies have investigated the effects of coil
configurations and ferrite core placements on coupling performance. For example, Reference [5] compares
spiral and square coil configurations using both litz and copper wires, finding that copper spiral coils exhibit
superior coupling performance. Reference [6] proposes an innovative ferrite arrangement for rectangular
coils that significantly reduces ferrite volume while maintaining high coupling efficiency compared to
conventional uniform layouts. In the context of underwater wireless power transfer (UWPT), particularly for
charging AUVs, studies such as [7,8] have evaluated coil performance in conductive seawater environments.
One critical issue in UWPT is misalignment caused by ocean currents and docking imprecision. To enhance
alignment tolerance and maintain system stability, various magnetic coupler designs and compensation
topologies have been proposed. These include coaxial split solenoid coils [9], E-core magnetic structures
[10], hybrid transmitters combining multiple coil types [11], omnidirectional resonant extenders using
orthogonal coils [12], 360° folded unipolar couplers [13], and rotation-free coil structures [14]. Given the
design complexity of magnetic couplers, optimization techniques have been widely employed to automate
and refine the coil design process. Reference [15] introduces an automated coil evaluation platform based
on the artificial bee colony algorithm, significantly reducing manual setup time. Reference [16] utilizes
the NSGA-II multi-objective optimization algorithm for Double-D coils to improve efficiency and power
density. Reference [17] presents a system capable of simultaneous wireless power and data transfer (SWPDT),
using a decoupled Double-D and rectangular (DD-R) coil configuration with optimized design. Reference
[18] focuses on optimizing a series—series compensated inductive power transfer (IPT) system with flat
spiral coils, addressing issues such as bifurcation phenomena and AC resistance. Beyond component-level
optimization, system-level studies have also been conducted to validate UWPT performance. Reference [19]
offers a detailed analysis of UWPT systems in dynamic underwater conditions and introduces a machine-
learning-based maximum power efficiency tracking (MPET) method to estimate coupling coeflicients in real
time and maintain efficiency despite motion and environmental changes. The study highlights challenges
such as increased radiation resistance in seawater at frequencies above 200 kHz and notes that spiral coils
generally outperform helical coils under such conditions. Reference [20] focuses on the implementation
and evaluation of a 1 kW underwater charging station, comparing cylindrical, conical, spiral, and ferrite-
core coil designs in both saline and air environments. Reference [21] develops a simulation model for an
LCC-S compensated UWPT system tailored for AUV's and validates it through experimental testing with a
300 W prototype in simulated seawater. In summary, the design of coupling coils for underwater environ-
ments must take into account substantial environmental variability and engineering constraints in order to
ensure efficient, stable, and reliable wireless power transfer.

To investigate the optimized design of coupling coils with enhanced misalignment tolerance, this study
integrates COMSOL Multiphysics [22] and MATLAB [23] to establish an automated coil evaluation platform.
Initially, COMSOL Multiphysics is used to perform finite element analysis (FEA) simulations and validate
the coil models. Subsequently, Particle Swarm Optimization (PSO) [24] is employed to efficiently identify
the optimal coil inner diameter parameters that enhance tolerance to lateral misalignment. Simulations
are conducted across various misalignment scenarios, with a range up to 9 cm, to assess overall system
efficiency. The optimized coils are then implemented in a full-bridge series-series resonant converter, and
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their performance is experimentally compared against that of control group coils, demonstrating improved
misalignment robustness. This automated platform significantly reduces the time required for manual
parameter tuning, enables rapid evaluation of coil configurations, and provides reliable technical support for
coil design.

Although the integration of COMSOL Multiphysics and MATLAB has been previously adopted in
wireless power transfer (WPT) system design, the primary contribution of this study lies in the development
of a systematic optimization framework specifically targeting misalignment tolerance. The proposed frame-
work is readily adaptable to varied conditions through configurable parameters in COMSOL. In contrast
to prior studies that largely focus on static coil configurations or power transfer efficiency alone, this work
integrates finite element analysis with PSO in a co-simulation platform to automate the coil design process.
The highlight is a dual-layered framework that minimizes manual intervention, accelerates optimization, and
supports scalability across different environmental conditions and coil geometries. This optimization-driven
approach offers practical value for WPT systems that require high misalignment tolerance, particularly in
demanding applications such as underwater charging, where spatial variability and environmental influences
are significant design considerations.

2 System Configuration

Fig. 1 illustrates the overall architecture of the wireless power transfer system [25], which consists of a
tull-bridge (H-bridge) converter on the primary side, a series-series resonant tank for energy transfer, and a
tull-wave rectifier on the secondary side. In this configuration, a DC source—such as a floating solar power
system—provides the input power. A digital microcontroller then generates two complementary PWM
signals to drive the H-bridge converter, producing a square-wave AC voltage and creating an alternating
magnetic field. This field induces current in the secondary coil, thereby transferring power to the AUV.
However, because the primary and secondary sides are physically separated, the coupling coefficient of the
coils is relatively low (i.e., loosely coupled), which increases the leakage inductance and reduces overall
transmission efficiency. Finally, the full-wave rectifier on the secondary side converts the induced AC to DC,
supplying the required power to the load.
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Figure 1: Circuit diagram of the proposed WPT charging system

In the WPT system, the primary and secondary sides are physically separated, resulting in a lower
transformer coupling coeflicient and thus a loosely coupled configuration. This design inevitably leads to
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higher leakage inductance and reduced power transfer efficiency. For WPT systems, it is typical to define the
coupling coefficient k for coils by (1):

M
k=—x= (1)

AV Ll X L2

where L; and L, are the self-inductances of the primary and secondary coils, respectively, and k ranges from
0 to 1. Conventional transformers have both windings on a shared core, making k ~ 1. However, in wireless
charging applications, the coils are separated by a considerable distance, so k often falls below 0.5. Varying
the relative position of the two coils will alter k. In this study, the default vertical distance between the coils
is set to 3 cm. To assess the coupling under misalignment, a misalignment-tolerance metric MT is defined
in (2) [26]:

Objective function:

MT = Kmax = Kmin 100% (2)
kmax
This objective function indicates the evaluation of the variation of the coupling coefficient within
a specific misalignment range, i.e., a greater difference between ky,x and kyi, produces a higher MT.
Conversely, a smaller variation in k yields a lower MT. Hence, to obtain a coil design with high misalignment
tolerance, this study aims to minimize MT.

Based on the target underwater drone in [27], this study takes into account the size of the underwater
drone to determine the design scope of the coil. Since the vehicle’s dimensions are 38.3 cm in length and
33.1 cm in width, the coil’s occupied area is set to 20 cm in length and 20 cm in width, leaving 10 cm of space
at both the front and the rear. This ensures that the charging coil can be completely accommodated within
the vehicle cabin. The photos of the target underwater drone are shown in Fig. 2a,b.

A
33.1em

(a)  (b)

Figure 2: Photos of the target underwater drone. (a) Top view; (b) Side view

Because the primary-side coil at the charging station has a larger winding area, its outer diameter is fixed
at 40 cm. In contrast, the secondary-side coil, located on the vehicle, is constrained by the vehicle’s internal
volume, so its outer diameter is set at 20 cm. It is worth noting that special attention should be paid to the
inner diameter when winding the spiral coil. The size of inner diameter affects the magnetic field distribution
between the two coils and thus changes the coupling degree, especially under horizontal misalignment. In
fact, such misalignment can cause a severe drop in coupling degree, ultimately reducing energy transfer
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efficiency. Accordingly, this study investigates the range of inner diameters listed in Table 1, aiming to observe
how the inner diameter affects the coupling coefficient. Additionally, different misalignment distances are
set to evaluate the misalignment tolerance of various coil design.

Table 1: Specifications of coil outer and inner diameter

Coil Outer diameter Inner diameter (i.e., design variable for optimization)
Primary side 40 cm 10-30 cm
Secondary side 20 cm 3-10 cm

3 Coupling Coils Model Based on COMSOL Multiphysics
3.1 Coupling Coils Model with Lightweight Computation Design

In order to efficiently observe the impact of coils’ geometry on the coupling performance, this study uses
COMSOL Multiphysics to perform finite element method to simulate the magnetic field between coils. The
simulation model of coupling coils on COMSOL Multiphysics is given in Fig. 3. Specifically, Fig. 3a illustrates
the complete spiral structure, while Fig. 3b shows the lightweight structural design. The former is modeled
using a conductor coil by setting the number of turns and the inner diameter to depict the complete spiral
structure. However, the latter creates an equivalent simplified model structure with the equivalent multi-turn
model. The simulation result shown in Table 2 indicates only a 0.4% difference in inductance between the two
designs, thus validating that these two models are nearly identical. However, there is a significant difference in
computation time, with the lightweight model being seven times faster. Unlike the conventional spiral design,
which models each turn of the coil explicitly, the lightweight design uses an equivalent planar structure with
a central hole to approximate the magnetic behavior. This simplification significantly reduces computation
time while maintaining a close match in inductance values compared to the detailed spiral model, as verified
in our simulation results. The lightweight model thus enables efficient optimization without compromising
accuracy. Considering the complexity and subsequent large number of simulations, the lightweight model is
applied to rapidly obtain associated coeflicients. The specifications of the computer used for simulating the
coupling coil models are listed in Table 3.

‘Spiral Design- ; Lightweight Design
Time:36s Time:5s
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Figure 3: Comparative analysis of complete structure and lightweight design for circular helical coupling coil. (a) Spiral
design; (b) Lightweight design
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Table 2: Simulation Results of a complete structure model and lightweight design model for circular helical coupling
coil

Geometric design Inductance value (uH) Time (s)

Spiral design 39.994 36s
Lightweight design 39.816 5s

Table 3: The specifications of computer

CPU 12th Gen Intel® Core™ i9-12900K
Core 8 Core

Office system Windows 11 Enterprise 64 bit
RAM 64 GB
GPU NVIDIA GeForce RTX 3060

Fig. 4 presents the configuration parameters for the lightweight coil model. Fig. 4a shows a top view
where D; is the inner diameter, D, is the outer diameter, and D,, is the width of the conductor’s cross-section,
while Fig. 4b shows the side view of the coil. The number of turns is determined by the total area of the coil,
with the substrate 20 cm in length and 20 cm in width. To verify the coil model, a coil was implemented
according to the configuration presented in Table 4. The results obtained from Fig. 5 demonstrate that the
inductance values from the simulated lightweight model closely match those of the practical coil, confirming
the effectiveness of the proposed lightweight modeling approach.
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Figure 4: Lightweight design of circular helical coupling coil. (a) Top view; (b) Side view
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Table 4: Configuration of parameters to build lightweight coupling coil model

Parameter Value
Inner diameter D; (cm) 3
Outer diameter D, (cm) 18.5
Wire diameter Dy, (cm) 0.35
Coil turns 18
- COMSOL Simulation
L1~ L2=39.4pH
M=16.72pH

Figure 5: Self-Inductance obtained from the COMSOL Multiphysics simulation is identical where the simulation value
is 39.4 uH and the actual measured value is 39.5 pH

3.2 Analysis of the Coupling Performance under Misalignment Using Simulation

With the coil models developed in COMSOL Multiphysics, electromagnetic field distributions can be
effectively visualized under different geometric configurations. Figs. 6 and 7 illustrate two coil designs with
distinct inner diameters. In Fig. 6, the primary coil features a smaller inner diameter of 15.4 cm, resulting
in a magnetic flux density that is strongly concentrated at the center. This creates a convex field profile that
enhances flux capture near the core. However, under horizontal misalignment conditions, the flux at the
perimeter drops significantly, leading to reduced flux linkage with the secondary coil and a sharp decline in
the coupling coefficient. In contrast, in Fig. 7, a larger inner diameter of 29.8 cm disperses the magnetic field
toward the edges, forming a concave distribution. While this design offers broader peripheral coverage and
even shows an increase in flux under misalignment, it weakens the central magnetic field, leading to reduced
coupling performance in the aligned position and greater overall magnetic energy loss.

These observations highlight the significant influence of coil inner diameter on magnetic coupling
behavior, especially under misalignment. The coupling coeflicient does not vary linearly with misalignment;
instead, it exhibits nonlinear behavior influenced by coil geometry. To efficiently address such variability,
particularly in dynamic underwater environments, this study proposes an automated coil design evaluation
platform. This platform enables rapid, systematic analysis of coupling performance across a wide range
of misalignment conditions, supporting robust and optimized coil design for underwater wireless power
transfer systems.
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Magnetic field strength

Figure 6: Simulation of magnetic field distribution with small inner diameter on the primary side. The distribution
of the magnetic field appears convex, which is able to enhance the coil’s ability to capture magnetic flux (primary coil
inner diameter = 15.4 cm, secondary coil inner diameter = 7.4 cm)
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Figure 7: Simulation of magnetic field distribution with large inner diameter on the primary side. The distribution of
the magnetic field appears concave, resulting a significant reduction in the central magnetic field (primary coil inner
diameter = 29.8 cm, secondary coil inner diameter = 74 cm)

4 Equations and Mathematical Expressions
4.1 Automated Coil Design Evaluation Platform

This paper has proposed an automated coil design evaluation platform that integrates COMSOL Mul-
tiphysics with MATLAB. After establishing the coil model in COMSOL Multiphysics, various displacement
conditions can be set in MATLAB to simulate complex displacement scenarios as shown in Fig. 8. With
COMSOL Multiphysics, it enables the finite element analysis to observe electromagnetic distribution and
changes of magnetic field in various displacement scenarios. In addition, MATLAB LiveLink™ which
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connects COMSOL Multiphysics and MATLAB facilitates more flexible parameter configurations for the
COMSOL model and allows systematic analysis with MATLAB function. The illustration of the integrated
coil design evaluation platform is shown in Fig. 9. As mentioned in the Section 3.2, the variation of
inner diameter of coils presents high nonlinearity in the coupling performance. To efficiently find out the
optimum geometric design and develop adaptability in the fluctuating docking environment, this paper
has implemented the particle swarm optimization method in the coil design evaluation platform. The
optimum coil design flowchart based on the proposed coil design evaluation platform is given in Fig. 10.
Firstly, the coil model is established in COMSOL Multiphysics software. Subsequently, the size of the inner
diameters are changed and different displacement scenarios are configured through the MATLAB program.
After obtaining the coupling coefficient k from COMSOL Multiphysics, the displacement tolerance can be
evaluated in MATLAB. In the optimum design process, the configuation of inner diameter will be given
based on the PSO algorithm.

COMSOL Coupling coils simulation
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Figure 9: Illustration of the integrated coil design evaluation platform
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Figure 10: Flowchart of the coupling coils design with PSO based on the evaluation platform

In PSO, the position of each particle represents a potential solution, namely the inner diameter in this
study. By substituting the particle’s position into the evaluation function (i.e., MT), the corresponding fitness
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value can be calculated. During the search process in the solution space, each particle keeps track of its own
best position and fitness value, referred to as pBest. The best position and fitness value among all particles is
referred to as gBest. In each iteration, particles update their velocities and positions by considering both their
own best positions (pBest) and the global best (gBest). Through this iterative process, particles gradually
move closer to the optimal solution, and eventually, the swarm converges to the best solution.

The process of PSO to optimize coils’ inner diameters is depicted in Fig. 10, and the detailed explanation
is as follows:

1. Initialize the number of particles, the number of iterations, the inertia weight value, and the learning
factors ¢, ¢, for PSO.

2. In COMSOL Multiphysics, build the coil model, including coil geometry, inner and outer diameters, and
solution space environment.

3. Initialize the positions and velocities of particles in PSO. In other words, assigning the initial value of
inner diameters for the primary and secondary coils within the defined variation range.

4. Set the displacement distance starting from 0 cm.

5. Configure the coil model with the specified coil inner diameters on COMSOL Multiphysics. Then, obtain
the self-inductance, mutual inductance, number of turns, and coupling coefficient k for the primary and
secondary coils

6. Determine if the displacement distance of 9 cm is reached; if not, continue increasing the displacement
distance by 1 cm and return to step (5).

7. Evaluate the performance metric MT under displacement scenarios ranging from 0 to 9 cm using Fq. (2),
compare the fitness values and determine the pBest and gBest to update the new.

8. Update the velocities and positions of each particle, i.e., the inner diameters of the primary and secondary
coils according to Eqgs. (3) and (4).

;ij (t + 1) =W * ;ij (t) + 7116 [;pBest (t) - ;ij (t)] + 720 [;gBest (t) - ;ij (t)] (3)

;ij(t+1):;ij(t)+;ij(t+l) (4)

Eq@ (3) and (4) are the key equations for the PSO algorithm to update the particle velocity and posmon
where x;; represents the position of the particle, where i is the particle index and j is the dimension.v;;
represents the velocity of the particle, where i is the particle index and j is the dimension. w represents the
inertia of the particle’s velocity, typically ranging between 0 and 1. ¢; is cognitive learning factor, and c; is
social learning factor. x pBest (1) is the best position found by the individual particle. x gBest () is the best
position found by the entire swarm. r; and r, are uniform random numbers between 0 and 1, used to maintain
diversity in the swarm’s movement direction.

4.2 Optimization Results

After the application of PSO, evaluation metric (MT) value can be obtained by 0.0465, with the primary
coil diameter measuring 23.5 cm and the secondary coil diameter measuring 5.2 cm. To verify that these
optimized inner diameter parameters offer better misalignment tolerance, another set of coils was made as
a control group. Table 5 presents the two sets of coils for comparison. The PSO optimization parameters are
listed in Table 6. For further exploration of the coil inner diameter range, the upper and lower bounds were
set to 10 to 30 cm for the primary coil, and 3 to 10 cm for the secondary coil, respectively. The convergence
process is illustrated in Fig. 11.
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Table 5: Comparison of coupling coils between PSO optimized and the control

Parameter PSO optimized Control group
Diameter of the primary coil 23.5cm 29.8 cm
Diameter of secondary coil 5.2 cm 5.2 cm

Table 6: Parameters of PSO

Parameter Value
Number of particles 10
Iteration number 10
[Cl > CZ] [13 2]

Inertia weight [Wmax> Wmin] ~ [1, 0.1]
[R;, Rs] upper bound (cm)  [30, 10]
[Ry, R¢] lower bound (cm)  [10, 3]

convergence history

0.056

0.0495 |

0.049

0.0485 -

0.048

fitness

0.0475

0.047 -

0.0465

0.046 A L . . . :
1 2 3 4 5 6 7 8 9 10
generation

Figure 11: Convergence History

5 Experimental Results

This section focuses on verifying the PSO-optimized coil and conducting analysis and comparisons with
the control group. Table 7 presents the experimental specifications of the full-bridge series-series resonant
converter circuit with the resonant frequency designed at 100 kHz. Under the same load condition (I, =1 A)
and input voltage (Vi, = 60 V), misalignment scenarios in both air and seawater are compared. During the
experiment, an electronic load is employed in constant-current mode.

Table 7: Experimental specifications of full-bridge series-series resonant converter

Specification Value
Input voltage Vi, 60 Vg,
Output current L, 1A

(Continued)
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Table 7 (continued)

Specification Value

Rated power P, 50 W
Resonant frequency f, 100 kHz

Distance in vertical 3cm

As shown in Fig. 12, the simulated and measured mutual inductance values of the PSO-optimized coils
exhibit consistent trends across a misalignment range of 0 to 9 cm, with the error between simulation and
experiment remaining below 15%. Furthermore, the calculated fitness value (MT) demonstrates excellent
agreement, with only a 0.38% difference between the experimental result (4.26%) and the simulated value
(4.64%). These results confirm that the simulation model effectively captures the real-world performance
of the coils under misalignment conditions, thereby validating the accuracy of the proposed design and
optimization framework.
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Figure 12: Simulated and measured mutual inductance M of PSO optimized coils

To validate the effect of optimized coils, this study implemented control group coils for comparison.
The detailed configuration of PSO optimized coils and the control group coils are given in Table 8 including
geometric and electrical information. Fig. 13 presents the change of coupling coefficient k across the
misalignment from 0 to 9 cm. Compared to control group coils, the PSO-optimized coils showed superior
performance, with coupling coefficient variations below 0.009 across misalignments up to 9 cm, and an
average coupling coefficient of 0.22. The control coils had variations of 0.02 and an average coupling of 0.18.
Namely, the coupling coeflicient k of PSO-optimized coil has a variation as low as 4.26%, while the control
group coils have a variation of 10.34%, which verifies that the PSO optimized coils are able to retain the
consistent coupling performance in the wireless charging system.

Table 8: Implementation details of the coupling coils: PSO optimized and the Control group

Parameter PSO optimized Control group

Primary Secondary Primary Secondary

Inner diameter (cm) 23.5 52 29.8 52
Outer diameter (cm) 40 20 40 20
Wire diameter (cm) 0.35 0.35 0.35 0.35

(Continued)
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Table 8 (continued)

Parameter PSO optimized Control group

Primary Secondary Primary Secondary

Coil turns 24 20 15 20
Self-inductance (uH) 250 44 133 44
Resonant-inductance (uH) 227 21 120 31
Mutual-inductance (uH) 23 23 13 13
Capacitor (nF) 12.17 118 22 83
LCR Meter Measurement
0.25 : . : ;
0.24
o DA
E 0.22
(=]
i 021}
¥
8§ o2
2 .-
3018 - ____.0--—-9""‘0 1
© ort=ag-m-? -
0.16 | | | | | Optimize Group Coil | |
=+0-=Control Group Coil

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0
Misalignment (cm)

Figure 13: Comparison of coupling coefficients between PSO optimized coils and control group coils across the
misalignment from 0 cm to 9 cm

5.1 Optimization Results

Fig. 14 shows the experimental setup when measuring in the medium of air. Fig. 15 illustrates the
consistent wireless power transmission results using the optimized coils under misalignment from 0 up to
9 cm. Fig. 16 presents the results of efficiency measurements conducted in an air-medium environment.
Despite a parallel misalignment of up to 9 cm, PSO optimized coils maintained a system transmission
efficiency between 71% and 72%, with an average efficiency of 71%. In contrast, the control coil exhibited
an average efficiency of approximately 66%. Due to the larger central opening in the control coil, the coil
winding area is reduced, resulting in decreased mutual inductance and thus lower transmission efliciency.
Additionally, the oversized central opening causes the magnetic field to be sparser in the center compared
to the edges, creating a concave distribution and leading to lower efficiency measured at the center. In
summary, the efficiency curve of the PSO-optimized coil has less variation than the control group coils in
air medium environment.
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Figure 15: Waveforms of Vg, of Q; and Q, on the primary side, as well as the resonant inductor current and resonant
capacitor voltage using PSO-optimized coils in the air environment (Vi, = 60 V, I, =1 A) (Ch;/Ch; = Vg1 /V2: 10 V/div;
Ch; =Ip,: 5 A/div; Chy = V,: 50 V/div; Time: 5 ps/div). (a) Misalignment = 0 cm; (b) Misalignment = 9 cm
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Figure 16: Efficiency curve of PSO-optimized coils and control group coils in an air medium environment
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5.2 Measurement in the Medium of Seawater

Fig. 17 shows the experimental setup when measuring in the medium of seawater. Fig. 18 presents
consistent wireless power transmission results using the optimized coils under misalignment from 0 up to
9 cm. Fig. 19 presents the results of efficiency measurements conducted in a seawater medium environment.
In a seawater medium environment, the efficiency of PSO-optimized coil ranged between 66% and 68%,
revealing a reduction of 5% to 6% compared to an air medium environment, with an average efficiency of 67%
across misalignments from 0 to 9 cm. On the other hand, the efficiency of control group coils varied between
58% and 62%, similarly showing a decrease of 5% to 6% compared to air conditions, with an average efficiency
of 60%. Experimental results from the seawater medium environment indicate significant influences from
seawater conductivity (4 S/m). Eddy current losses directly impact the overall system transmission efficiency,
making underwater wireless charging conditions particularly challenging.

Figure 17: Images of the experimental setup. (a) Experiment setup in seawater medium environment and (b) the
misalignment condition
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Figure 18: Waveforms of Vg of Q; and Q, on the primary side, as well as the resonant inductor current and resonant
capacitor voltage using PSO-optimized coils in the seawater environment (Vi, = 60 V, I, =1 A) (Ch;/Ch, = V1 /Vie:
10 V/div; Chs =1Ij,: 5 A/div; Chy = Vg,: 50 V/div; Time: 5 ps/div). (a). Misalignment = 0 cm; (b). Misalignment = 9 cm
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Figure 19: Efficiency curve of PSO-optimized coils and control group coils in a seawater medium environment

6 Conclusions

This paper investigates an underwater wireless charging platform, focusing on the design and opti-
mization of coupling coils for the variable underwater environment. Firstly, the coupling coil models
are developed using COMSOL Multiphysics software and validated through experimental measurements.
Subsequently, an automated coil evaluation system is established by integrating COMSOL Multiphysics and
MATLAB, utilizing PSO to enhance coil design for better misalignment tolerance. Next, the optimized coils
were implemented in a full-bridge series-series resonant converter. Compared to control group coils, PSO-
optimized coils achieved an average efficiency of 71% in air and 67% in seawater, outperforming the control
coils at 66% and 60%, respectively. In addition, PSO-optimized coils enhanced misalignment resistance,
exhibiting a variation of coupling coefficient as low as 4.26%, while the control group coils have a variation
0f10.34%.
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