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Abstract—TIn this paper, a detailed analysis that yields in-depth
insight into the design of undersea wireless power transfer system
is presented. Based on the analytical results, a methodology for
optimized coil design to increase the power transfer efficiency is
presented. Owing to the constant motion experienced by undersea
wireless power transfer system, a necessary feature is the ability
to operate at a multitude of distances without the need for manual
tuning to maintain high efficiency. To address this, we propose a
novel Maximum Power Efficiency Tracking (MPET) method that
uses k-Nearest Neighbors (kNN) to estimate the system’s coupling
coefficient and tracks the peak efficiency (> 85%) through an
adaptive converter control. Simulation and experimental test
results validate the effectiveness and robustness of MPET in
achieving maximum wireless power transfer efficiency under a
dynamic and uncertain undersea environment.

Index Terms—Maximum power efficiency tracking (MPET),

undersea wireless power transfer, k-nearest neighbor, DC-DC
converter, smart ocean system.

I. INTRODUCTION

Ireless power transfer (WPT) has been revitalized

largely because of the fast expanding market of mobile
devices and electric vehicles [1], [2], [3], [4]. Recently, WPT is
found to be critically needed in distributed ocean systems that
consume excessive power [5], such as an autonomous under-
water vehicle (AUV), underwater sensing nodes, ocean moni-
toring devices, etc. The traditional way of recharging/replacing
these devices manually is time-consuming, resulting in limited
operation range and disrupted services.

One potential solution is to build underwater docking sta-
tion with electrical connectors [6], [7], [8], which, however,
suffers from high maintenance costs and limits to near shore
applications. Here, WPT is investigated as a potent solution
to recharge distributed ocean systems. A design concept of
WPT for ocean systems application is shown in Fig. 1. The
ongoing research of WPT systems is mainly focused on land-
based applications [9]. Frequency tuning that automatically
adjusts the operating frequency to maximize system efficiency
has been developed in [10], [11], [12], [13]. Other methods
such as impedance matching [14], [15], [16], intermediate
field repeaters [17] [18], and the use of meta-materials [19],
[20] to achieve higher power transfer efficiency for WPT
in air have also been investigated. Nevertheless, transferring
power wirelessly in a marine environment, where seawater is a
conducting medium, is still an open and challenging problem.
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Fig. 1. A design concept of wireless power transfer for ocean systems
application.

Several questions to be addressed are: What is the effect
of the highly conductive seawater on a WPT system’s elec-
trical parameters? What is the effect of seawater on its coil
radiation resistance and the losses incurred? If the losses are
highly frequency-dependent, then how to choose an operating
frequency range in which high efficiency power transfer is
possible? Besides, the dynamic nature of the ocean makes the
WPT system constantly in motion and leads to time-varying
coupling coefficient, which necessitates an optimized design
strategy to overcome such expected variability. Furthermore,
control methods used in the WPT system in air, such as
impedance matching [14], [16], require information from the
transmitter through communication to keep track of changes in
the system parameters, making them inviable for an undersea
WPT (UWPT) system. Rather, a control method that uses
information from only the transmitting or receiving side of
the system without a communication network is essential.

To address the above challenges, this paper presents a
comprehensive UWPT efficiency analysis and MPET control
for maximizing undersea power transfer efficiency in real-time.
The major contributions of this paper are three-fold.

1) The electrical properties of the UWPT coils sub-
merged in seawater are quantified. The frequency-
dependent characteristics of the coil impedance, the
self-inductances, mutual inductance, the effects of coil
shapes are analyzed and compared to those of WPT in
the air.
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2) A methodology for optimized coil design to increase
power transfer efficiency is developed based on the
above analytical results.

3) A novel Maximum Power Efficiency Tracking (MPET)
control method is introduced for achieving a maximum
power efficiency without communication or feedback
from the transmitting side of the UWPT system. In
particular, a k-nearest-neighbors-based machine learning
approach is devised for a real-time estimation of the
coupling coefficient from the receiving side, and the
output voltage is directly controlled using a DC-DC
converter to track maximum power transfer efficiency.

The estimated coupling coefficient is compared to refer-

ence coupling coefficient, and the robustness of the MPET
controller is verified through simulations. Also, this work
constitutes an extended version of our conference paper in [5].

II. UWPT SYSTEM OVERVIEW

Fig. 2 depicts the equivalent circuit model of the series-
series (SS) inductive UWPT system. An SS topology is
adopted in this paper because it allows high power to flow
on the receiver side, and it is proven to be more efficient
than series-parallel and parallel-series circuit topologies [21],
[22]. The circuit model includes the 3D geometry of the
coils in a marine environment. In the primary side of the
system is a transmitter coil (Tx) and in the secondary side
is the receiver coil (Rx), which are magnetically coupled by a
coupling coefficient £, /s- Here Ly, Ly, Cp, Cs, Ry, and R,
represent inductances, series-resonance capacitors, and internal
resistances of the primary and secondary circuit, respectively,
and the primary and secondary side voltages are defined as V),
and V;, respectively. The load resistance is Ry,. The secondary
voltage to primary voltage ratio is derived as:

E _ (woLm)RrL (1)
Vo (Rr+ Rs)(RpRs + (wolm)?)
Assuming the transmitting frequency is the same as the
resonance frequency of the UWPT, the power transmitting

efficiency (77,¢) can be written as:

(WOLTYL)ZRL
(RL + Rs)(RLRp + RPRS + (woLm)2)

Npt = 2)

h
where 1 1

VLI,Cp  VLC
corresponds to the resonance frequency, and L, is the mutual
inductance which is directly related to the distance between
the coils. L,, is responsible for how much power is transferred
and its normalized form, coupling coefficient k,,, (defined
below), is used to indicate whether the UWPT is over-coupled,
critically coupled or under-coupled.
Ly,

p/s = L,L,

The undersea environment will modify the electrical char-
acteristics of the UWPT system, which will deteriorate the
efficiency of the system. Thus, a critical question is how to
optimize the coil design to improve efficiency? The following
section is to answer the question.

3)

wo =

k . 0<k,. <1 4)

ITI. CoIL ANALYSIS IN UNDERWATER ENVIRONMENT

In this section, we aim to understand the essential UWPT
parameters, such as the coils’ resistance, self-inductance, mu-
tual inductance and resonance frequency, which is critical for
optimized coil design and control purposes.

A. Resistance of a coil in seawater

The total resistance of a coil in air or seawater is the sum of
the coil’s DC resistance (RR4.) which depends on the conductor
size, the AC resistance (R,.) which is due to its skin depth,
and the radiation resistance (R,qq). Since the values of R,
and R,. depends on the coil configuration and the quality
factor of the wire, they remain almost the same either in
seawater or air. However, owing to the conductive nature of
seawater (Ogsequwater =~ 45/m), electric currents are induced
by the magnetic field surrounding the coils. Hence R, .4 could
differ significantly in seawater than in air [23], [24]. Here, we
examine the coil immersed in the seawater and compare it to
that in the air through the following formulas [25], [26]:

: 2
556 = wnal S (50)?) — 5(60)°) + 22 (Ba)’) —-] O
) 4,4
=g ©)

where w is the frequency in radians, p is the permeability
of medium, a is the radius of the coil loop in meters,
B=(uwoc/2)'/?, and o is the conductivity of the medium. As
can be seen Fig. 3:
e R,,q of the coil in the air is minuscule or almost
negligible;
e R,.q increases exponentially when the frequency is
greater than 200 kHz in seawater.
This means a UWPT transmitter coil should operate under
some threshold (e.g., 200 kHz). Otherwise, seawater begins to
have a detrimental effect and lead to more losses.

B. Inductance of a coil in seawater

The self-inductance (the ability of a device or component to
store energy in the form of a magnetic field) of a circular coil
can be calculated using (3). When the transmitter and receiver
coils are in close proximity, the current flowing through one
of these devices induced a voltage onto the other. This ability
to transfer energy inductively is measured by the mutual
inductance [27], [28], as expressed below:

MO e~V Rs—Rp|
Lin = 22N, N, 4p i, dl, 7
i R — R, " @

where v ~ /jwpoo, N, and N, are the number of turns
of the primary and secondary coil, and the circular integrals
are over the path of a single turn of each coil. Equation (7)
applies to most coil structures except when the coil has very
few number of turns and the pitch is very large relative to
the wire diameter. Fig. 4 shows the magetic flux variation and
the influence of seawater on the characteristics of the mutual
inductance between the coils. Actually, the magnetic linkages
coupling the coils are significantly reduced as the distance
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Fig. 4. Magnetic flux distribution in UWPT coil structure in seawater

between Tx and Rx increases, resulting in fast dropping mutual
inductance (see Fig. 5c¢).

Simulation results have been obtained on the UWPT system
with spiral-type coils, as shown in Figs. 5a-5d. It can be seen:

o The values of self-inductance of Tx and Rx and the
mutual inductance slightly increase as the radius of their
coil wires increases from 0.4 to 1-mm (see Figs. 5a—5c)

o The Rx self-inductance varies with distances between Tx
and Rx while the Tx self-inductance remains constant
(see Figs. 5a and 5b). Given identical Tx and Rx coil
radii, the peak value of the self-inductance of Rx can
become higher than that of Tx, resulting in compromised
power transfer efficiency (see Fig. 5d). The variation in
Rx coil is observed to be attributed to the rapid change in
distance when the coil is moved away from the Tx coil, in
a highly conductive salt water environment. We suspect
that the during this change the Rx coil behaves as if it had
a solid conductive core to some degree. However, it can
be noticed in Fig. 5b that the Rx inductance increase is

relatively small and begins to return to its original value
as the distance approaches 6 cm.
Consequently, to achieve maximum power transfer, the Tx
and Rx coil parameters cannot be identical. Rather, the radius
of Rx coil should be made smaller than that of Tx.

C. Coil Topology

It is interesting to determine a UWPT coil topology best
suited for integrating ocean distribution system (e.g., AUV).
In this paper, the characteristics of spiral-type coil (refer to
Fig. 4) and helix-type coil [29] in the undersea environment
are comparatively investigated. The design parameters such as
coil radius, wire diameter, pitch, and the number of turns of
both shapes are made identical for a fair comparison of the
effect of the coil shapes. Simulation results are illustrated in
Figs. 5e-5h. It can be seen:

« Given the change in distance, the coupling coefficient be-
tween the helix coils is much lower than that of the spiral
coils. Subsequently, the spiral-type coil is significantly
superior to helix-type coil in terms of much higher mutual
inductance and as a result higher coupling coefficient.
A similar study in [30] shows that when the distance
between the coil increases, the efficiency of the spiral
coil shape is better than that of helix coil. Therefore,
helix-type coil topology is hardly feasible for UWPT
application (see Figs. 5e and 5g).

o Increasing the number of turns in helix-type and spiral-
type coil topologies, surprisingly, does not improve the
coupling coefficient in either case. On the contrary, the
coupling coefficient decreases when increasing the num-
ber of turns of helix-type coil (see Figs. 5g and 5h).

In real-world situation the wire of the UWPT coil can be
protected from seawater using materials such as polyurethane
potting and encapsulating materials used on hydrophones.
These materials are required to resist the marine environment
over long periods of immersion. Based on the above analysis
of physical and topological characteristics, we can conclude
that the following rules should be considered for design and
operation of a UWPT:

1) Low frequency viability (operate at low frequencies);

2) Differentiation criterion (avoid identical Tx and Rx);

3) Close surface proximity (optimize coil topology to en-

hance coupling).
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Fig. 5. UWPT coil analysis based on simulation results (Base parameters:
Number of turns=20, coil radius=10cm, wire radius=0.4mm; Subplots (a)-
(d) obtained on spiral-type coils). (a) Tx self-inductance versus distance at a
different wire radius. (b) Rx self inductance versus distance at a different wire
radius. (c) Mutual inductance versus distance at a different wire radius. (d)
Coupling coefficient versus distance at a different wire radius. (¢) Comparison
of the mutual inductance between helix and spiral coil shape. (f) Comparison
of the coupling coefficient between helix and spiral coil shape. (g) Coupling
coefficient versus distance for helix-type coil (h) Coupling coefficient versus
distance for spiral-type coil

IV. OPTIMIZED COIL DESIGN PROCEDURE

Enabled by the findings in Section III, we present a system-
atic method for optimized coil design as depicted in Fig 6. The
operating frequency should first be determined according to
the power level of the UWPT system and frequency-dependent
circuit analysis such as that shown in Fig. 2. The design
procedure is presented as follows:

o Step 1: The UWPT system design constraints are imposed
based on application (e.g., AUV). The coil shape, relative
position of windings, the radius of the wire and number
of turns are determined, and the 3D model is constructed

operating freq.?

8. Generate the dynamic flux and the
magnetic flux plot of the UWPT system

Fig. 6. UWPT optimized coil design flowchart.

in finite element (FE) software. A seawater environment
is set up, and the associated Maxwell equations are
established.

o Step 2: Apply the initial value for distance between the
transmitter coil Tx and the reciever coil Rx.

o Step 3: The coil parameters are computed using a 3D FE
magnetostatic solver.

o Step 4: The values of self-inductances, mutual inductance
and the coupling coefficient between the coils are ob-
tained.

o Step 5: Compensating capacitors are chosen based on the
resonant frequency and the coil inductances using (3) and
4).

o Step 6: Perform parametric sweep on the coils and obtain
optimized coil parameters at various distances.

e Step 7: Validate optimized coil design through measure-
ment of the resonant frequency using co-simulation with
ANSYS Simplorer. Confirm that the optimal frequency
is equal or very close to operating frequency.
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o Step 8: The magnetic fields of the coils calculated based
on the optimized parameters of the coil from the magne-
tostatic analysis.

Since highly precise parameters are needed to get the
optimal solution, the above procedure heavily relies on the
transient analysis by a FE electromagnetic solver that re-
quires substantial computational resources. Therefore, high-
performance computing (HPC) facility is recommended to
solve the large-scale simulations with significantly reduced
design cycle. For instance, a simulation of a UWPT with 20-
turn coil on a PC could take more than 72 hours without
guaranteeing to find a solution. Whereas, an 8-core HPC is
able to reduce the simulation time to less than 12 hours and
achieve faster convergence.

The Table I in Section VI is an instance of an optimized
UWPT design using the above procedure.

V. MAXIMUM POWER EFFICIENCY TRACKING
A. Overview of Maximum Power Efficiency Tracking

The marine environment is highly uncertain and various
external forces will cause disturbances on the UWPT system.
The coupling coefficient k,/, that determines the power ef-
ficiency will fluctuate due to the motion between Tx and Rx
(e.g., wave energy converter station and AUV). The purpose of
this section is to devise a novel Maximum Power Efficiency
Tracking (MPET) that maintains the highest possible power
transfer efficiency. For a UWPT deployed in the marine envi-
ronment the power efficiency is dynamically changing with the
load conditions and the coupling coefficient between the coils.
There is a need to track the operating point corresponding to
the maximum power efficiency. For solar photovoltaic or wind
power applications Maximum Power Point Tracking (MPPT)
is a well-known concept. For UWPT applications, however,
maximum power efficiency is the most important property
to be maintained because it is critically important to reduce
power losses and preserve energy which is the most scarce
resource for undersea applications. Another major difference
from traditional MPPT is that our MPET does not need
any wireless communication between the transmitter and the
receiver which is highly desirable for smart ocean systems. In
fact, the k-nearest-neighbors-based machine learning approach
is used to estimate the coupling coefficient, making the MPET
attractive in practical applications where communication is not
viable, such as undersea environment.

First, equation (1) is re-examined to get the secondary
voltage:

(wOLm)RL
(RL + Rs)(RpRs + (UJOLm)z)

Vs changes when the distance between Tx and Rx varies. Fig.
7 depicts the relationship between the V; and power transfer
efficiency at different k,,,, under the assumption that the
amplitude of the primary voltage V), and the internal resistance
of the primary side coil are constant. As can be seen, to achieve
maximum power efficiency at any specific k,/,, Vs should be
adjusted to an optimal value V; . The reason why V;
(derived below) leads to maximum power efficiency is because

‘/S:

Vb ®)

max

1

0.8

o
)

Efficiency

o
~
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10° 102 10° 10* 10°
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Fig. 7. Output voltage characteristics
Vs,.a. correspond to a desirable I7;, satisfying the impedance
matching condition.

R, WQka/Sq/LpLS v
R, \/R,R, + \/RyRs + (woky/s)?LyLs *
©))
Finding V;, . becomes a significant challenge as it relies on
the real-time information of k,,/,. One approach is to use in-
band wireless communication to transmit information between
Tx and Rx, in order to achieve impedance matching. Such
approach, however, is no longer viable in a marine environ-
ment since fast and cost-effective underwater communication
is currently unavailable [31]. To tackle this challenge, we
present a novel MPET method to force V, — V; in real-
time using information from the Tx side only without relying
on wireless communication.
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Fig. 8. MPET control block

Fig. 8 summarizes our MPET approach. To be specific,
a k-nearest neighbors (kNN) is introduced to estimate k,
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using only Rx information (Vs, Ig). Subsequently, Vy . is
calculated using (9) and serves as the reference for feedback
control to track. As a salient feature, our MPET is an adaptive
tracker that updates the PI controller in real-time, and it
employs a DC-DC converter to achieve the task of changing
output voltage to desire voltage by adjust the duty ratio. This
feature makes the UWPT more resilient to the fast changing

k

p/s:
B. Estimation of Coupling Coefficient

The Kirchhoff’s voltage law (KVL) equations for the UWPT
system in Fig. 2 (Tx and Rx side) can be derived as:

Vp = RpIp + w()kp/s-[p\/ LpLS

(10)
Vi = wokys/IpLsls + Roly

Thus k,/, can be estimated by
oV JV2 4R LV + Ry L)
ks = 11
v/ 9T wor/LpLs ()
lAcp /s 18 subject to uncertainties on the Tx and Rx sides.

Furthermore, it is infeasible to track both Tx and Rx states in
real-time without communication. To tackle the challenges, we
proposed a data-driven approach, kNN, for robust estimation
of I%p /s under uncertainties, through local approximation using
recursive procedure. In particular, l;p /s 1s learned from the
secondary voltages and currents as shown in algorithm 1.

Algorithm 1 Coupling coefficient estimation

1: Generate the dataset of pairs:
(21,91), (%2, Y2), ..., (TN, yn) where,
vi = Vy V72 — 4B, L (Ve +Ro L)
€Ty = ZISﬂ‘ WON/LpLs

2: Set a query point: z,

3: Compute the Euclidean distance from the query point to
the labeled dataset using

distance(z;,x4) = \J/a1(x; — 24)% + - + an(Tn — T4)?
4: Sort the labeled samples in ascending order of distance
5: Find k closest x; in dataset (zyn1,..-xNNk) such that
for any z; not in nearest neighbor set distance(x;,zq) >
distance(xNNK, Tq)
6: Find a heuristic number k of nearest neighbors
7: Estimate the coupling coefficient which k,/, using knear-

est neighbors 7 = 1 (ynn1 + -+ + YNNK)

Note that the real parts of the dominating poles in the
transfer functions from the primary and secondary voltages
to the secondary current are much faster than the fluctuation
frequency of coupling coefficient [32]. This means that the
transient response attenuate quickly and will hold true under
dynamics environment. Thus &,/ remains static in the UWPT.
This guarantees the validity and robustness of the proposed
kNN estimation method.

C. Modeling of the DC-DC converter

When reaching steady state, the DC-DC converter in Fig. 8
can be represented by an average state-space model as follows:

0= AaUX + B, U

12
Vdc = CavX ( )
where
0o -B L0
A(w: |:€ _}%,:|7Bav |:8 _i]ycav_[l O}

_ Vdc _ Idc

ARSI
L, Ry, vq. and C are the inductance, the battery resistance,
the DC-link voltage, and the filter capacitor, respectively. The

battery voltage is V}, and the current flowing into the battery is
I7,. The DC-DC converter states can then be found, as follows:

e
I = % (13)
VoD + 14.R
Vie = =55 (14)
where .
+ 4V, .1,
D— Vi \/VB +4Vy.licRB (15)

2Vie

Lic, I1,, Ve, and D are the steady-state values of i4.(t), 1,(t),
v4c(t), and Ad, respectively.

During transient-state, to maintain a desired level of per-
formance of the MPET, discussed in the next section is a
PI controller that adjusts the error caused by the difference
between the output voltage V. and the reference voltage
Vie, ..., toward its original steady state values.

D. Controller Design

Vdc _max

Vae DC-DC P> Vac

Fig. 9. PI Controller Design

The control objective here is to adjust the output voltage
of the DC-DC buck converter towards the designated output
voltage on the load side, under all possible operating condi-
tions. The output voltage of DC-DC converter is a function of
the duty cycle Ad. In order to regulated the output voltage,
the DC-DC converter should be controlled to regulate its duty
cycle.

We introduce an adaptive PI controller (see Fig. 9) that
adjust PI parameters in real-time [33]. This method is prefer-
able in that it achieves a desired level of performance of
the MPET control system when Ad change with time. The
proportional constant (K p) and integral constant (K) of the
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Parameters Tx side  Rx side

Coil radius (cm) 6 5
Number of turns 20 18
Wire diameter (mm) 0.6 1
Self-inductance (uH) 47 .8 20.3
Parasitic resistance (ohms) 1.3 1.3
Capacitor (nF) 53.1 38.5
Operating frequency (kHz) 178 178
AC voltage source (V) 150 -
Switching frequency (KHz) - 100
Load resistance (2) - 50

PI are adaptively adjusted by adjusting the values of o and
B, respectively. The transfer function of the PI controller is
described as follows:

K
Gpr(s)=Kp + TI

(16)
a and B (whose values are K p and K respectively during the
steady state) are adaptively varied as a function of error signal
Verr value, so as to drive the steady state error to zero. As a
result, the dynamic output voltage deviation and the settling
time of the output voltage are reduced.

VI. SIMULATION RESULTS

The effectiveness of MPET has been verified on a UWPT
system with a primary voltage V), of 150 V, an coil operating
frequency of 178 kHz and a switching frequency of 100 kHz
in its DC-DC converter. Three test cases are performed by
using MATLAB/Simulink and ANSYS Maxwell & Simplorer.
The first test case is to examine the resonant frequency at
which high power transfer efficiency of UWPT is expected.
The second test case is to validate the performance of kNN-
based coupling coefficient estimation. The third test case is to
verify the proposed MPET approach. The optimized UWPT
parameters used in the case studies are listed in Table I.

A. UWPT Resonance Frequency Analysis

To figure out the resonant frequency, the load of UWPT
system is varied from 10 €2 to 100 2 with a step of 10 2
while the distance between Tx and Rx coils is fixed at 1 cm
(ie., ky/s fixed at 0.18).

As shown in Fig. 10, there exists an optimal resonance
frequency (i.e., 178 kHz) where a maximum efficiency is
consistently achieved even though the load varies between
10 © and 100 Q. Therefore, the test UWPT system is to be
operated at 178 kHz in the following tests. It should be pointed
out, however, that the power transfer efficiency will vary
significantly as coupling coefficient between the transmitter
coil and the receiver coil varies (see Fig. 11). This means that
both the on-line coupling coefficient estimation and MPET are
indispensable to maintain high UWPT efficiency in the ever-
changing marine environment.

"
g — + ~ RL=1009
I
0.8 Bl RL=902 |
dl RL=802
- | ;; v RL=70Q
gosf M © RL=60Q
2 131 RL=50Q
= ike x —
0.4 Il*t RL=40Q ||
~ RL=30Q2
: —=— RL=200
021 RL=10Q
0 == e -
100 150 200 250 300

Frequency (KHz)

Fig. 10. UWPT system efficiency (at kp;g = 0.18) as a function of
frequency. Target resonance frequency set at 178 kHz for a wide range of
load resistance.
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Fig. 11. Simulation result showing the relationship between the coupling
coefficient kp /s mutual inductance Ly, and efficiency at the same resonant
frequency fo = 178kH z.
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B. Coupling Coefficient Estimation

This case performs the kNN-based on-line estimation of
the coupling coefficient. For verification purpose, the exact
values of k,/, between the transmitter coil and the receiver
coil are analytically obtained from the simulated dataset of
primary and secondary circuit parameters. The kNN-based on-
line estimation is then performed under a specific condition
(e.g., a resonant frequency of 178 kHz and a load impedance
of 50 ). The comparison between the estimated I%p /s values
and the exact values demonstrates the accuracy and efficiency
of the proposed estimation approach (see Figl2). In fact, it
takes less than 6.123s CPU time to obtain 1000 estimated
l%p /s values with a maximum error of around 5%. Tt can be
seen that the maximum error occurs due to radiation loss when
the distance between Tx and Rx increases. This error can be
reduced by sampling more data at a longer period and filtering
measurement error. This proves the kNN-based approach is
well suited for the real-time MPET. More estimation results

> ® Reference
Estimated k
pls

0+ o ° e o o o ......-»—/
2
o

X
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300

coupling coefficient estimation

1 T
Estimated kp/S Reference
2
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Fig. 12. Simulation result showing the comparison between reference

coupling coefficient (kp/s) and estimated coupling coefficient (kpys) (@)
Coupling coefficient estimation in 3D (b) Coupling coefficient estimation in

under different loading conditions have been obtained by using
impedance sweep, which have consistently verified the accu-
racy and effectiveness of the kNN-based estimation approach.
Those results are omitted due to the space limit.

C. UWPT Efficiency Maximization

60 w w \
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Fig. 13. Simulation result of MPET control for UWPT system. (a) UWPT

power output with and without MPET control (b) Maximum efficiency with
and without MPET control.

The effectiveness of MPET is extensively evaluated on a
dynamic UWPT model subject to fast position changes, by
using ANSYS Maxwell & Simplorer and MATLAB/Simulink.
The former is employed to perform the transient analysis of
the UWPT, in order to obtain the values of the optimized coil
parameters. The latter run simulations with the Tustin solver
at a time-step of 10 us to verify MPET.

In this test, the transmitter coil is fixed while the receiver
coil is originally placed at 1 cm and then quickly moved
further away at 4 cm, 8 cm and 10 cm. The output powers
and efficiencies of the UWPT system with and without MPET
are measured and illustrated in Fig.13. With MPET, when
the distance increases, a maximum power efficiency of 85%
can be consistently tracked and a power transfer of 34W is
achieved. Without MPET, however, the output powers decline
and the efficiencies decreases drastically from 85% to 39%
as the distance increases. It can also be seen that, when the
distance between the coils has a step (or near-step) change,
MPET is always able to quickly restore the maximum power
efficiency within 0.1 s, which validates the effectiveness and
robustness of the MPET.
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Fig. 14. Simulation result showing the response of MPET when subject to
Additive white Gaussian noise (SNR=6db). (a) UWPT power output with and
without noise (b) Maximum efficiency with and without noise

To further verify the robustness of MPET, the same test
is performed in a noisy environment when the output voltage
feedback signal and the PI controller are subject to an additive
white Gaussian noise with a signal to noise ratio of 6 db.
Fig.14 shows that MPET remains highly efficient and robust
under such noisy environment.

VII. EXPERIMENTAL VERIFICATION

To verify the analysis above, an experimental UWPT pro-
totype is implemented, as shown in Fig. 15. The experimental
setup consists of a power supply, transmitter and receiver coils,
micro-controller and power electronics converter, and a digital
oscilloscope. The target resonant frequency is set as 178 KHz,
and the parameters used in this experiment system are set to
be the same as those in the simulations, except for the input
voltage which is set at 30V due to hardware limitation. All
submerged tests for the experiment are implemented in a 20-
gallon fish tank filled with seawater of 3.63% salt. Hence, these
solutions reasonably models a marine environment. Based on
the coil analysis in Section III, the coils are fabricated in a flat
spiral disk using 22 AWG wire, and their self-inductances are
measured using a complex impedance analyzer. As shown in
Fig. 16, the coils are placed onto a 3D printed disks to hold
them in place. The input and output cables are connected to
the Tx and Rx coil, respectively, and mounted on a test rig
that adjusts the distance between the coils.

On the transmitting side of the UWPT system, a DC source
is used to provide a constant voltage to an operational power
amplifier (APEX PA 94a) at 178KHz generated by a function
generator. The function generator used here could be replaced
by either a standalone function generator IC, or be created
using software on a micro-controller. The DC power supply

Fig. 16. UWPT transmitter and receiver test coil

of the power amplifier is set to its maximum range +30V,
creating an AC voltage of 30Vpp across the TX coil.

Meanwhile, on the receiving end of the UWPT system,
four SBR10U40CT diodes are used to build a standard full
bridge rectifier which converts the transferred AC voltage
signal to DC. A DC-DC buck converter described in Section
V subsequently used to step-down the voltage to a desired
voltage level. The control unit ATmega328p includes a 10-bit
analog-to-digital converter, which converter the voltage and
current to digitized data used to execute MPET.

Fig. 17 shows the measured results of the UWPT system;
when the Rx coil is placed at 1cm, 2cm, 3cm, and 4cm away
from the Tx coil. It can be seen that the voltage received
by the RX coil gradually reduces as the distance between
the transmitter and the receiver increases. Fig 17a -17d cor-
responds to power transfer efficiencies of 80%, 73%, 66%,
and 58%, respectively, through seawater. Fig. 18 gives the
measured power efficiency compared against the simulation
results, which shows close agreement between simulations and
experiments.

Fig. 19a shows the resonant frequency obtained by applying
the Fast Fourier Transform (FFT) on the raw data from the
oscilloscope. The result shows the power transfer efficiency is
maximized at the target resonant frequency. As the distance
increases from 1-10cm (target distance range of the UWPT)
the efficiency is still greater than 80%. However, when the
distance increases beyond the target range, the seawater begins
to have detrimental effect on the system and the efficiency
quickly decreases below 50% at the resonant frequency of
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178KHz. Fig. 19b shows the sensitivity of the UWPT system
when its deviate from the resonant frequency. Even though a
high efficiency of 80% is still feasible when the resonant fre-
quency deviate into a frequency range of [165KHz, 185KHz] a
variable capacitor is recommended to be used at the transmitter
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Fig. 18. Measured experimental result of the UWPT power transfer efficiency
at a distance between 1-10cm.
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Fig. 19. Experimental results of UWPT resonance frequency (Target fre-
quency is set at 178KHz). (a) Resonant frequency at a distance between 1-
10cm versus efficiency (b) Sensitivity of the resonance frequency

side to bring the resonant frequency to its precise value as
in [34].

In Fig. 20a, when the distance between the Tx coil and
the Rx coil increases without control, the output voltage Vdc
after rectification drops significantly. In practice, as shown in
Fig. 20b, the buck converter can be controlled to regulate the
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