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Frequency Optimization of a Loosely Coupled
Underwater Wireless Power Transfer System
Considering Eddy Current Loss

Zhengchao Yan
Tianze Kan, Student Member, IEEE, Fei Lu

Abstract—Wireless power transfer (WPT) has attracted
much attention in recent years. In an underwater WPT sys-
tem, the eddy current loss tends to be non-negligible as the
frequency or the coil current increases. Thus, it is crucial to
analyze the eddy current loss in an underwater WPT system.
The analytical model of the eddy current loss of a coreless
WPT system in the seawater is established with Maxwell’s
equations. The expressions of the electric field intensity and
the eddy current loss are derived. The eddy current loss is
analyzed in different circumstances to illustrate the impacts
of related factors. For a WPT system in the air, there is an op-
timum resonant frequency, for a higher frequency leads to
a larger induced voltage, but will result in larger coil losses
simultaneously. However, the optimum resonant frequency
will be shifted because of the eddy current loss in the sea-
water. Then, the optimum operating frequency is obtained
based on the analytical model. It is found that the optimum
operating frequency is supposed to be larger than the reso-
nant frequency to achieve the maximum dc—dc efficiency in
the seawater. An underwater WPT prototype was built and
the experimental results verified the theoretical analysis.

Index Terms—Wireless power transfer (WPT), eddy cur-
rent loss, resonant frequency, analytical model, underwater.

|. INTRODUCTION

IRELESS power transfer (WPT) technology has a num-
ber of advantages compared to the traditional power
delivery due to its nonphysical connection between the power
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source and the load [1]-[4], which is suitable for battery charg-
ing of underwater electrical equipment [S]-[10] without a com-
plex and costly sealing structure. Feezor et al. [8] developed a
wireless charging system, which could transfer 200 W of power
and signals for autonomous underwater vehicles (AUVs). Since
then, McGinnis et al. [9] proposed a WPT system for AUVs
to transfer 240-W power with 70% dc—dc efficiency. Li et al.
[10] studied the effects of gaps between the transmitter and
the receiver and designed a 400-W system with 90% efficiency
across a 2-mm gap. Shi et al. [11] introduced a hull-compatible
coaxial coil structure and evaluated the characteristics of the
semiconductor loss, the copper loss, and the core loss using
a circuit model and the finite element analysis. Orekan et al.
[12] proposed a maximum power efficiency tracking method
to estimate the real-time coupling coefficient in an underwater
WPT system, which can effectively track the maximum effi-
ciency of over 85%. Fang et al. [13] developed an underwater
WPT system, containing two couplers and a closed cable, which
can transfer power and data to the underwater sensors. He et al.
[14] presented a three-dimensional omnidirectional underwater
WPT system, the transmitter coil of which is made up of three
mutually orthogonal loops. The simulation results showed the
output power and the transmission efficiency can be improved
greatly by adjusting the phase differences among the three loops
compared to the conventional system.

In the seawater environment, the eddy current loss generated
in the seawater must be taken into account, which will also af-
fect the transmission efficiency of the WPT system. Cheng et
al. [15] proposed an underwater WPT system based on a semi-
closed core structure. The power loss was studied comparatively
in the air, freshwater, and seawater. It is shown that the core loss
and copper loss in these three media were essentially the same.
The significant difference occurs in the eddy current loss. Itoh
et al. [16] designed a WPT system for the swimming robot fish,
which showed the eddy current loss had a sharp rise due to the
increasing frequency. Yan et al. [17] proposed an arc electro-
magnetic coupler. The eddy current loss and the transmission
efficiency are analyzed by the finite element method. Zhou et al.
[18] proposed a single-turn model of a circular coil with a ferrite
core to calculate the eddy current loss of the underwater WPT
system. Then, the transmission efficiency is analyzed. However,
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Fig. 1. SS WPT system. (a) Topology. (b) Equivalent circuit.
the ferrite is assumed to be infinite in the analytical model,
which is not precise.

In this paper, a coreless WPT system is established, which
has a lower weight than that with the ferrite. The model based
on Maxwell’s equations to calculate the eddy current loss in the
seawater is proposed, which is more accurate. Finite element
analysis is applied to verify the proposed calculation model.
Both the resonant frequency and the operating frequency are
optimized based on the analytical model. An underwater WPT
prototype is set up to validate the analysis.

Il. WIRELESS CHARGING SYSTEM IN THE AIR

The topology and the equivalent circuit of a wireless charg-
ing system with series—series (SS) compensation are shown in
Fig. 1. The SS compensation topology is chosen because it has
the advantage of constant current output, which can be easily
controlled to charge the battery. In Fig. 1, Uj,, and U; denote the
dc and ac voltages of the inverter, respectively; Ly, C}, and Ry
are the self-inductance, capacitance, and equivalent resistance
of the transmitter; I; is the root-mean-square value of the trans-
mitter current. Uyec, Us, o, Lo, Cy, and R, are the counterparts
on the receiver side. M is the mutual inductance between the
transmitter and the receiver.

Neglecting the equivalent resistances of the transmitter and
the receiver at the resonant state, the transmitter and the receiver
currents are

Us
Il_woM' (D
U,
I, = 2
2= oM 2)

where w, denotes the resonant angular frequency. Then, the
output power can be expressed as

Powt = woM L1 1. 3)

Assume that R} = Ry and Ly = Ly in the system, the trans-
mission efficiency 1 can be calculated as

Pout 1
n= 2 2 = “4)
P A TR TR 1y (5 B
2 1

where k is the coupling coefficient, Q is the quality factor of the
transmitter and the receiver, defined by

wOLl - wOLQ
Rl Ry

The transmission efficiency is maximized when I; = I, and
the maximum transmission efficiency is

1 Ty
1+ 5

Q= )

(6)

MNmax =
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Fig. 2. General overview of the underwater WPT system.
Region 1
Fig. 3. Simplified calculation model of the electric field.

where T is the figure of merit [19], defined by T = k(), and a
higher Tt results in a higher maximum transmission efficiency.

[ll. EDDY CURRENT LOSS IN SEAWATER

In the application of a WPT system in the air, the power
losses mainly lie in the core loss of the ferrite and the copper
loss of the coils. However, when it comes to the application in
the seawater environment, the eddy current loss generated in
the seawater must be taken into account, which will also affect
the transmission efficiency of the WPT system. Fig. 2 shows the
general overview of an underwater WPT system. The secondary
side and primary side are installed on the abdomen of the AUV
and the base station, respectively. The system parameters can be
keptrelatively stable through this docking structure. To calculate
the eddy current loss in the seawater, the electric field intensity
should be calculated firstly.

A. Electric Field Intensity

Zhou et al. [18] proposed a single-turn model of a circular
coil with a ferrite core to calculate the eddy current loss of the
underwater WPT system. However, the ferrite is assumed to
be infinite, which is not precise. This paper proposes a spiral
planar coil without ferrite to theoretically calculate the eddy
current loss in the seawater, which is more accurate. A single-
turn transmitter coil is first studied in the cylindrical coordinate.
Fig. 3 shows the simplified model of the electric field. The
entire space is full of seawater. It is assumed that the coil is on
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the imaginary inner boundary surface: z = 0, which means the
boundary conditions on both sides of the surface are known.
Then, the study area is divided into two regions by the inner
boundary surface to calculate the electromagnetic field. Thus,
there are no external excitation currents in the study area, which
merely distribute on the inner boundary surface.

The surface current density on an arbitrary point Q(p,»,0) of
the inner boundary surface is

K (p,0,0)=5Ld(p—a)e, (7

where p denotes the radius, a represents the radius of the coil,
and e,, is the circumferential unit vector.

Assume that the medium is linear, homogeneous and
isotropic, then the electromagnetic field is expressed based on
Maxwell’s equations. For convenience, the dot on the complex
vector is omitted

oD . OB ,
VXH—J+W—J+]WD,VXE——E_—‘7(,0B
)]
B=uH,J =0E,D =cE (10)

where H and B denote the magnetic field intensity and the
magnetic flux density, respectively. E and J are the electric
field intensity and the conduction current density, respectively.
D is the electric displacement vector. Eliminating H gives the
following constraint equation:

V2E; + k2E; = 0
V-E, =0
i=1,2

an

Due to the cylindrical symmetry, the electric field intensity
FE; merely has the circumferential component, namely E; =
L, e, . In the cylindrical coordinate system

PE,,
Op?

10E,, 0*E, , 1 _
- - = )E,=0i=1,2
p Op 02 \N T )Tt

(12)

where E; denotes the electric field intensity in each area, and
the space wave number is defined as k% = —jwu(o + jwe),
wherein, i, 0, and € denote the permeability, the electrical con-
ductivity, and the permittivity of the medium, respectively. The
boundary conditions and the infinity conditions are

Ey, —Ei, =0,2=0
{;}dg?y - ;}Tag; = jwpol16(p —a),z =0 (3
{limzﬂOO E,=0 0
hmz—‘+oo EQ@ =0

where (i, is the relative permeability and p is the permeability
of the vacuum. Based on the separation of variables [20], the
general solution of (12) can be expressed as

Ei,(p,2) = /0 Ji (Ap) (Crie"* + Coie™"#)dr  (15)

where A € (0, +00), an intermediate variable, will be eliminated
in the later derivation; © = VA2 — k?; C}; and Cy; are the unde-
termined coefficients. J; (x) is the first-order Bessel function of
the first species. By substituting (15) into (13) and (14), Cy; and
C5; can be determined. Then, the electric field intensity caused
by the ii-turn can be obtained

{Ehpt,z’i :—% 0O T (hay) i (hp) e dhrey, 2 <0

Esuii= *7”“51 G [ AT (hag )y (hp) e " dhe,, 2> 0

(16)

Assume that the turn numbers of the transmitter and the re-

ceiver are the same, namely N; = N, = N. The electric field

intensity of an arbitrary point (p, z) in the study area E5;, which

is caused by the N-turn transmitter coil, is obtained based on the
principle of superposition

1\7
Ey = E Esyy ;.

ii=1

A7)

The same procedure can be easily adopted to obtain the elec-
tric field intensity caused by the receiver current, which can be
expressed as

By =—10300 [ 20 (hay;) Ty (hp) e "D dre,,
z>d

EQ\PT.,J']' :—% fooc %Jl ()\,(L]J) Jl ()»p) eu(zfd)d)\’ep’
z<d

N
By = > Eoprjj
Jjj=1
(18)

where d is the gap between the transmitter and the receiver. Eo,
is the electric field intensity of an arbitrary point (p, z) in the
study area, which is caused by N-turn receiver coil.

B. Unilateral Eddy Current Loss

The permeability of the air and the seawater are almost the
same, while there is a significant difference in the electrical con-
ductivity. The alternating electromagnetic field, generated by the
high-frequency alternating currents in the coils, will eventually
give rise to the eddy current loss. In the underwater WPT sys-
tems, the eddy current loss should be all dimensional. However,
the transmitter is in the base station and the receiver is in the
vehicle, such as an AUV. The vicinity below the transmitter
and above the receiver is indeed full of air. In the previous
simulations and experiments, we made a comparison of plac-
ing the seawater between the transmitter and the receiver and
putting the seawater all dimensional. The results show that the
total losses of these two cases are almost the same, which indi-
cates most of the eddy current loss exists in the space between
the transmitter and the receiver in the practical applications.
Therefore, this paper only considers the eddy current loss in the
seawater between the transmitter and the receiver. The eddy cur-
rent loss caused by the transmitter is calculated as (19), shown
at the bottom of the next page. V is the study domain. /_sea
and r_sea denote the seawater height and the seawater radius,
respectively.



YAN et al.: FREQUENCY OPTIMIZATION OF A LOOSELY COUPLED UNDERWATER WPT SYSTEM CONSIDERING EDDY CURRENT LOSS

3471

C. Bilateral Eddy Current Loss

In an underwater WPT system, the electric field E5 is the
vector sum of the electric field E5; and FE5, in the direction
of e,, caused by the transmitter current /; and the receiver
current I, respectively. I; equals I in the system. There is a
phase difference 6 between the transmitter current /; and the
receiver current Io, which is approximately the same as the
phase difference of E5; and E5, [21]. Thus, the eddy current
loss, which can be calculated as (20), shown at the bottom of
this page, is generated by the synthesized electric field intensity
E,.

IV. FREQUENCY OPTIMIZATION

The eddy current loss has a significant rise as the resonant
frequency and coil currents increase [21]. Therefore, it is nec-
essary to choose a lower resonant frequency or a smaller coil
current for underwater WPT systems. While in some underwa-
ter applications, the coreless WPT system is preferred for its
low weight and elimination of magnetic losses. Moreover, in or-
der to make the system compact, the resonant frequency should
be relatively high [22]. With the same coil currents, the higher
frequency leads to a larger induced voltage, thus a larger output
power and higher efficiency can be achieved. Therefore, there
is an optimum frequency in the underwater WPT system.

A. Resonant Frequency

At the resonant state, the output power of a WPT system can
be approximately calculated as

Pyut = woMI I, = wyMI3 (1)

where Iy = I, is settled in the system. The mutual inductance
M is a constant value as the system setup is fixed. Based on the
aforementioned derivation, the eddy current loss in the seawater

can be expressed as
Peaay = mwi I3 (22)

where m is a coefficient, relative to the permeability and the

and the gap between the transmitter and the receiver, which can
be expressed as (23), shown at the bottom of this page.

When the system dimension is fixed, m is a constant. Then,
the ratio of the eddy current loss and the output power can be
obtained as

mwo
Peddy/Puut = a5

i (24)

It can be seen that the ratio is proportional to the resonant
frequency, and is independent of the coil currents. Therefore, for
a constant power output, it is practical to decrease the resonant
frequency to reduce the proportion that the eddy current loss
occupies the output power. However, decreasing the coil currents
makes no difference to this ratio. For a WPT system in the air,
there is an optimum resonant frequency, a higher frequency leads
to a larger induced voltage, but will result in larger coil losses
simultaneously. However, the optimum resonant frequency will
be shifted to a smaller value in the seawater than that in the air
to restrain the ratio of the eddy current loss.

B. Operating Frequency

As shown in the previous section, the eddy current loss is
generated by the synthesized electric field intensity E5, which
is the vector sum of the electric field intensity E9; and E5, in
the direction of e, caused by the transmitter and the receiver
currents, respectively. Therefore, changing the phase difference
0 between the transmitter current I; and the receiver current I
by frequency tuning to the optimum resonant point, will result
in a variation of the phase difference between E»; and E, .

In Fig. 1(b), by applying Kirchhoff’s law in the receiver side,
we have

UQ - RQIQ = jXQIQ +jwMI1 (25)
where w denotes the operating angular frequency, X, is the
reactance of the receiver, i.e.,

electrical conductivity of the seawater, the dimension of the 1
seawater region, the radii of the transmitter and the receiver, Xy =wly — wCy (26)
2 2 _sea h _sea 2
oulw?l? T RS s
Pagay1 = / o|Ey|?dV = “ haala ¥ / / / / —aigJi (haii) Ji (hp) € "2 dA| dipdpdz (19)
1%

oulw? 12 2T r_sea ph_sea
Peddy:/U‘Eg‘de:/O-|E2t_|_E2r|2dv_ H 2/ / /
v v

~a;;Jy (hajj) Ji (Ap)

Jrej‘gZ/

Ji=1

“(Z*‘”d)» dedpdz

vy
/ a . a”‘J1 (Aaii) J1 ()\.p) e “Fda

(20)

2

O' 21 prsea phsea | IV oo)\‘
N / / / / " ~ai;Jp ()»a,“) Ji (Ap) *uzd)ﬂ—ej@ Z/ ajjJI ()Lajj) Ji (Ap) eu(z—d)d)L dpdpd:.

i1=1

Ji=1

(23)
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Ur-Rol. U TABLE |
412 \ i 2» SYSTEM SPECIFICATIONS AND CIRCUIT PARAMETERS
jooMI
6 J ! Note symbol Value
Transmitter inductance L 27.4 uH
I Receiver inductance L, 26.8 uH
Mutual inductance M 5.1 uH
Xl Coupling coefficient k 0.19
Number of turns Ny, N, 16
gap d 66 mm
Fig. 4. Phasor diagram of the WPT system. Coil dimension ®176 mm x 4 mm
Seawater region ®260 mm x (22 mm-88 mm)
150 Resonant frequency fo 60 kHz-600 kHz
130
be calculated as
110 _ 1 2
- cos(rm — 0) = ~2f2 wh oo _ 1@ (g
B wMI; wkLs k w?
90 -
Thus
L 1 wQ
7 0 = arccos | — —(2) —-1]]. (29)
k\w
%0 95 1 108 1 As for w < wy, the same equation can be obtained.
wlwg As shown in Fig. 5, the phase difference between I; and I is
approximately proportional to the normalized operating angular
;:ig. 5. Phase difference varying with normalized operating angular  frequency, which means the phase difference between E5; and
requency.

Electro Load

Transmitter

Fig. 6. Experimental prototype.

The resonant angular frequency wy is

1 1
VLiCi  VI,0y

With frequency tuning in Fig. 1(b), if w > wy, the phasor
diagram of the ac currents and voltages is plotted in Fig. 4

In this paper, L; and L» are designed to be the same and I;
and I, are adjusted to be identical. The phase difference 6 can

wy = 27

E,, increases as the operating frequency rises around the reso-
nant frequency. Based on the Cosine Theorem, the synthesized
electric field intensity E9 decreases, thus the eddy current loss
will decrease. Therefore, the optimum operating frequency is
supposed to be larger than the resonant frequency to restrain the
eddy current loss in the seawater.

V. CALCULATIONS, SIMULATIONS, AND EXPERIMENTS

In order to verify the aforementioned theoretical analysis, an
underwater experimental prototype is implemented, as shown
in Fig. 6. The system specifications and the circuit parameter
values are tabulated in Table I. Planar spiral coils are adopted as
the transmitter and the receiver with a turn number of 16, which
are composed of tightly wound AWG 38 Litz wires with 3.9-mm
diameter. The inverter input voltage and current, the battery volt-
age and current, the dc—dc efficiency, the input power, and the
output power are all measured by YOKOGAWA Power Ana-
lyzer WT1800. The seawater is placed in a bucket, of which the
diameter is larger than the coil diameter. The gap between the
transmitter and the bottom surface of the seawater is 7 mm and
the gap between the receiver and the top surface of the seawater
is 14 mm. The resonant frequency ranges from 60 to 600 kHz
by changing the matching capacitances.

A. Analysis of Eddy Current Loss

The eddy current loss caused by the transmitter current in
the seawater is firstly studied. The experiments are carried out.
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Seawater Height (mm) receiver current. The arrow points to the electric field distribu-
) ) . tion on the intermediate cross-section of the seawater region,
Fig. 8. Eddy current loss with seawater height. &

The corresponding simulations in Comsol Multiphysics are also
conducted as displayed in Fig. 7(a). Two-dimensional axisym-
metric simulation model is adopted due to the circular dimen-
sion of the transmitter and the receiver. The transmitter currents
are kept the same under the cases with and without the sea-
water. Therefore, the eddy current loss in the seawater will
be the difference of the total losses of the two cases, namely,
Peddyl = ]Dloss,seawater - Hossaip

When the transmitter current is 5 A and the resonant fre-
quency is 504.5 kHz, the calculated, simulated, and experimen-
tal eddy current losses with different seawater heights are shown
in Fig. 8. The experimental and the simulated results agree well
with the calculations. Furthermore, the eddy current loss has a
moderate ascent with an increasing seawater height. The eddy
current loss is 10.3 W when the seawater height is 66 mm.

Then, the eddy current loss generated by the transmitter and
receiver currents is investigated with a seawater height of 44 mm.
Simultaneously, the gap between the transmitter and the receiver
is fixed at 66 mm, which is large enough for the underwa-
ter equipment. The experiments are carried out and the corre-
sponding simulations in Comsol Multiphysics are established as
displayed in Fig. 7(b). Fig. 9 shows the magnitude of the elec-
tric field of the study domain caused by the transmitter and the

which is parallel to the transmitter and the receiver. It is shown
that the electric field only has the circumferential component
and is much stronger in the vicinity of the coils.

The transmitter current and the receiver current, which are
identical, are kept the same under the cases with and without
the seawater. Therefore, the eddy current loss will be also indi-
rectly measured by the difference of the total losses of the two
cases, namely, Peady = Ploss_seawater — Hloss.air- F12. 10 shows the
calculated, simulated, and experimental results caused by the
combined effect of the transmitter and the receiver varying with
resonant frequencies when I} = Io =2 Aand [} = I, =5 A.
It indicates that the eddy current loss rises as the resonant fre-
quency or the coil current increases. When the resonant fre-
quency is higher than 100 kHz, the eddy current loss increases
sharply with the increasing resonant frequencies. The experi-
mental results well match the simulated and calculated results.

B. Frequency Optimization

The ratio of the eddy current loss and the output power vary-
ing with the resonant frequency and the coil current are shown
in Fig. 11. It can be seen that the ratio between the eddy cur-
rent loss and the output power is proportional to the resonant
frequency and is independent of the coil current, which veri-
fies the theoretical analysis. Thus, we can decrease the resonant
frequency other than the coil current to decrease this ratio.
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Fig. 12.  System efficiency varying with the resonant frequency.

In practical applications, it is necessary to satisfy the power
requirement. By regulating the output power to be 200 W and
I, = I, the dc—dc efficiency varying with the resonant fre-
quency is plotted in Fig. 12. It indicates that the system effi-
ciency peaks at a certain resonant frequency in the air and the
seawater, respectively. The optimum resonant frequency in the

215.5kHz. (b) fo = 504.5kHz.

seawater is 215.5 kHz, smaller than that in the air of 248.4 kHz
due to the eddy current loss in the seawater.

With frequency tuning, the output power is fixed at 200 W
and two cases are studied. Case 1: fy = 215.5kHz; Case 2:
fo =504.5kHz. The eddy current losses of these two cases
varying with the operating frequency are shown in Fig. 13. It is
interesting that the eddy current loss significantly decreases with
the increasing operating frequency in both cases. It is because
the phase difference between I; and I becomes larger with the
increasing operating frequency. It demonstrates the theoretical
analysis in Section I'V.

Fig. 14 shows the system efficiency with the increasing op-
erating frequency in both cases. It can be seen that the system
efficiency in the air peaks when the operating frequency equals
the resonant frequency. While in the seawater, the optimum op-
erating frequency should be larger than the resonant frequency
to achieve the maximum dc—dc efficiency. This is because the
electric fields caused by I; and I, counteract with each other
versus an increasing operating frequency at the vicinity of the
resonant frequency, leading to a decreased eddy current loss,
as analyzed in Section IV-B. The phenomenon is not that sig-
nificant because of the limited seawater region between the
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transmitter and the receiver, however, it is capable of under-
standing the characteristics of the underwater WPT systems.

VI. CONCLUSION

In this paper, the eddy current loss of a coreless underwater
WPT system was modeled and analyzed. The expressions of the
electric field intensity and the eddy current loss were derived un-
der arbitrary frequencies. The eddy current loss was analyzed for
different gaps, frequencies, and transmitter currents. Based on
the eddy current loss model, the resonant frequency and operat-
ing frequency were optimized. An underwater WPT prototype
was built and the experimental results verified the theoretical
analysis.

It was found that the eddy current loss in the seawater has a
sharp increase with the increasing resonant frequency, because
of which the optimum resonant frequency in the seawater is
shifted to a smaller value than that in the air. Moreover, the
optimum operating frequency of a WPT system in the seawater
should be larger than the resonant frequency to achieve the max-
imum dc—dc efficiency, different from the fact that the optimal
operating frequency of a WPT system in the air should equal
the resonant frequency of the receiver.

Due to the limitation of the experimental condition, the phe-
nomenon is not so obvious because of a relatively small eddy

current loss in the experiment. Nevertheless, this paper helps
to better understand and optimize the design of the underwater
WPT systems.
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