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Efficiency Improvement Strategy Based on Frequency
Reduction With Constant Current Characteristic for

Underwater Wireless Power Transfer Systems
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Abstract—In this article, the problem of efficiency optimization
for underwater wireless power transfer (UWPT) systems is consid-
ered. The main reason for efficiency degradation in UWPT systems
is the eddy current loss (ECL) caused by seawater, which is pro-
portional to the square of the system operating frequency. To alle-
viate ECL, an efficiency improvement strategy based on frequency
reduction with constant current characteristics is developed. By
introducing a constant gain frequency reduction (CGFR) module
designed conformally with the magnetic coupler of the original
system, the receiving coil ECL reduces. In contrast, the transmit-
ting coil ECL remains unchanged, indicating an increase in power
efficiency. The CGFR module does not need to add any additional
converters or controls, nor does it rely on communication, resulting
in strong universality. By circuit analysis, a simplified equivalent
circuit of the proposed system is established, and the losses of the
proposed system are analyzed, on this basis, the parameter config-
uration of the CGFR module is given. A 1.5-kW prototype with a
coupling coefficient of 0.07 is built, and experimental results show
that the proposed CGFR module indeed improves the efficiency
when the load varies in the range of [5, 12] ohms, with a maximum
increase of 7.8%. The proposed strategy can significantly improve
the efficiency of the UWPT system, and it is particularly applicable
in scenarios of long-distance transmission.

Index Terms—Constant gain, eddy current loss (ECL), efficiency
improvement, frequency reduction, underwater wireless power
transfer (UWPT).

I. INTRODUCTION

AUTONOMOUS underwater vehicles (AUVs) are widely
used in marine resource exploration and underwater cable

inspection. However, the battery capacity limits the endurance
of AUVs and battery charging becomes an important problem.
Compared with the traditional plug-in power supply methods,
the wireless power transfer (WPT) technology has the advan-
tages of safety, noncontact operation, and long service life and,
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thus, is more suitable for underwater charging of AUVs. Among
various WPT technologies, the inductive power transfer (IPT)
technology has been widely applied in many fields such as elec-
tric vehicles, biomedical treatment, and household appliances
due to its higher transmission efficiency [1].

However, the IPT system faces numerous challenges in the
seawater environment. Scholars have carried out a series of
studies on these challenges, which can be roughly divided into
the following three categories.

1) Misalignment of magnetic coupler caused by ocean cur-
rents can be solved by designing an antimisalignment
magnetic coupler [2], [3], [4], [5], [6], designing the circuit
topology [7], or adding a variable inductor [8].

2) System parameter drift caused by seawater medium can
be solved by parameter identification and frequency reg-
ulation [9], [10], [11].

3) Lower efficiency caused by the eddy current losses (ECL)
can be solved by changing the structure of magnetic cou-
pler [12], [13], or optimizing circuit parameters [14], [15].

Among the abovementioned three types of studies, lower ef-
ficiency is the key problem affecting the underwater application
of the IPT system [16]. Therefore, this article will conduct
further research on improving the transmission efficiency of
the underwater WPT (UWPT) system. A 1 × 1 × 1 magnetic
coupler is proposed in [12], which is able to reduce by half
the transmitting (Tx) coil ECL. However, this method cannot be
applied to situations where the receiving (Rx) coil uses ferrite. To
circumvent the above drawback, an integrated magnetic-electric
coupler is proposed in [13], which can transmit power through
both magnetic and electric fields simultaneously. This design
improves the efficiency since the capacitance-coupled route
does not generate ECL, but at the price of a more complicated
parameter design procedure. In [14], the ECL can be reduced
by suitably adjusting the phase difference between the currents
flowing through Tx and Rx coils. Nevertheless, an active rectifier
is required on the Rx side and the control of the system is
complicated. In [15], expressions characterizing the relationship
between the electric field intensity and the ECL are derived,
showing that the efficiency can be improved by optimizing the
operating frequency of the system. Nevertheless, the method
does not guarantee a constant current (CC) gain for UWPT
systems with series–series (SS) topology, resulting in weak
compatibility.
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To ensure a CC gain of the system, dc–dc converters can be
cascaded at the Tx side [17], the Rx side [18], or both sides [19].
However, an additional conversion circuit will increase the sys-
tem’s complexity and reduce transmission efficiency. To avoid
adding extra conversion circuits, an active rectifier circuit can
be adopted on the Rx side [20], and the constant gain of the
system can be ensured through dual side phase-shift control [21].
However, this method causes the system to operate in a nonzero-
voltage switching (ZVS) state, increasing the switching losses
and electromagnetic interference, and reducing the system’s
efficiency. To address this issue, the three-phase-shift control
method is proposed in [14] and [22]. By introducing an addi-
tional phase-shift angle between the inverter and the rectifier, the
realization of ZVS on both sides can be guaranteed. However,
this method increases the system’s control complexity, besides,
it relies on communication between the Tx and Rx sides, which is
difficult to achieve in a seawater environment with long-distance
power transmission.

To solve the abovementioned problem, this article introduces
a constant gain frequency reduction (CGFR) module for UWPT
systems with SS topology, which is able to reduce the ECL
without changing the current gain of the original system, so as
to improve the power efficiency. The main contributions of this
article are summarized as follows.

1) An efficiency improvement strategy based on the CGFR
module is proposed, the CGFR module is designed to
conform to the magnetic coupler of the original system and
can be easily integrated into a magnetic coupler without
changing the original structure.

2) A simplified equivalent circuit of the proposed system
is established, and the losses of the proposed system are
analyzed, on this basis, the parameter configuration of the
CGFR module is given.

3) By parameter configuration, the operating frequency of
the system can be reduced, and the output current gain of
the original system can be maintained unchanged without
adding additional conversion circuit, communication, or
control, resulting in strong universality.

4) The ECL of the original system can be reduced to improve
the power efficiency, particularly in long-distance trans-
mission scenarios where the ECL accounts for a relatively
large proportion of the total power loss.

The rest of this article is organized as follows. The character-
istics and ECL of UWPT system with traditional SS topology
is analyzed in Section II. The principle of CGFD module is
discussed in Section III. The power loss analysis and parameter
configuration are given in Section IV. Subsequently, experimen-
tal results are given in Section V to validate the modeling and
control methods. Finally, Section VI concludes this article.

II. UWPT SYSTEM WITH TRADITIONAL SS TOPOLOGY

A. Circuit Analysis

Fig. 1 shows the circuit diagram of an UWPT system with
traditional SS topology, where the dc input voltage Uin is
converted into the ac voltage U1 of frequency f1 through the
full-bridge inverter composed of S1–S4. Then, U1 is fed to the

Fig. 1. UWPT system with traditional SS topology.

Fig. 2. Electric field distribution of UWPT system.

Tx resonant network consisting of the compensation capacitor
C1 and the Tx coil L1 to generate a high-frequency magnetic
field in the space. The Rx resonant network is composed of the
compensation capacitor C2 and the Rx coil L2, and is placed in
the same ac magnetic field. The induced ac voltage and current
in the Rx coil is denoted as U2 and I2, respectively. After that,
I2 is transferred through the full-bridge uncontrolled rectifier
composed of D1–D4 and then filtered by the capacitor Cf to
obtain the dc voltage Uo to supply the load RL. Among them,
R1 and R2 are the equivalent series ac resistances (ESRs) of the
Tx coil and Rx coil, respectively. M is the mutual inductance
between the Tx coil and the Rx coil.

To simplify analysis, the ESRs are ignored. By Kirchoff’s
voltage law (KVL), we have[

U1

0

]
=

[
jX1 jω1M

jω1M jX2 +Req

][
I1

I2

]
(1)

where Req = 8RL/π
2 is the ac equivalent load resistance

and ω1 = 2πf1 is angular frequency. When Xi = ω1Li −
1/ω1Ci = 0 (i = 1, 2) is met, I1 and I2 can be derived as{

I1 =
Req

ω2
1M

2U1

I2 = 1
jω1M

U1.
(2)

B. ECL Analysis

UWPT systems are in the seawater and the conductivity of sea-
water leads to the problem ECL, which becomes more obvious
when the transmission distance increases. Therefore, to improve
the system efficiency, we need to first analyze the factors that
dominate the ECL. Fig. 2 shows the electric field distribution of
the UWPT system, where E1 and E2 are electric field generated
by Tx coil and Rx coil, respectively, Et = E1 +E2 is the
synthetic electric field, Q (ρ, ϕ, z) is any point within region II,
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D is the specifically denotes the axial center-to-center distance
between the Tx and Rx coils, i.e., the transmission distance.
Practically, ferrites are mounted on the outer sides of the Tx coil
and Rx coil to enhance the coupling between Tx and Rx coils.
Therefore, the magnetic induction strength in regions I and III is
nearly zero and can be ignored. According to [16], it is assumed
that the medium in region II is linearly distributed, isotropic,
uniform, and unbounded, then E1 and E2 can be expressed as⎧⎪⎨
⎪⎩
E1 (ρ, ϕ, z) = − jωμr1N1I1

2

∫∞
0

λ
uJ1 (λr1)J1 (λρ) e

−u|z|dλeϕ

E2 (ρ, ϕ, z) = − jωμr2N2I2
2

∫∞
0

λ
uJ1 (λr2)

J1 (λρ) e
−u|D−z|dλeϕ

(3)

where μ is permeability, ri (i = 1, 2) is radius of coils, Ni (i =
1, 2) is turns of coils, λ is spatial period, J1 is the first species
first-order Bessel function, and u is a function of λ, permittivity
ε, and conductivity σ described by

u =
√

λ2 − ωμ(ωε− jσ). (4)

Due to the nonzero conductivity of seawater, E1 and E2

generate eddy current, and the resulting ECL, denoted by Peddy,
is

Peddy =

∫∫∫
V

σ|Et|2dV

=

∫∫∫
V

σ|E1 +E2|2dV

=

∫∫∫
V

σ
(
E1

2 + E2
2 + 2E1E2 cosα

)
dV (5)

where α is the phase difference between E1 and E2. Sub-
sequently, let us conduct a quantitative analysis of the ECL
based on equivalent transformation. From (5), it can be seen
that Peddy consists in three parts: Peddy1 generated by the Tx
coil, Peddy2 generated by the Rx coil, and Peddy12 generated by
the coupling of both. Since E1 and E2 almost lags I1 and I2 by
similarly degrees, the phase difference between I1 and I2 can be
approximated as α [14] [16]. Substituting (3) into (5), we have

Peddy = β1I
2
1f

2
1 + β2I

2
2f

2
1 + β12I1I2f

2
1 cosα (6)

where ⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

β1 = σπ2μ2r21N
2
1

∫∫∫
V A2

1dV

β2 = σπ2μ2r22N
2
2

∫∫∫
V A2

2dV

β12 = 2σπ2μ2r1r2N1N2

∫∫∫
V A1A2dV

A1 =
∫∞
0

λ
uJ1 (λr1)J1 (λρ) e

−u|z|dλeϕ

A2 =
∫∞
0

λ
uJ1 (λr2)J1 (λρ) e

−u|D−z|dλeϕ.

(7)

From (6) and (7), it can be seen that ECL is related to vari-
ous parameters, which can be divided into the following four
categories.

1) Electromagnetic parameters of seawater λ, σ, μ, ε.
2) Spatial distribution parameters D, dV .
3) Pad parameters N1, N2, r1, r2.
4) Circuit parameters f , I1, I2, α.

TABLE I
PARAMETERS OF PROTOTYPE

Once the operating conditions of the system are determined,
the electromagnetic parameters of seawater and spatial distri-
bution parameters can be considered fixed in the subsequent
optimization process. Since the pad parameters are always fixed
in practical applications, from (7), it is evident that β1, β2, and
β12 remain constant no matter how f1 changes. In this regard,
it can be inferred that a reasonable way to reduce ECL is to
optimize the circuit parameters.

From (2), for the UWPT systems with traditional SS topol-
ogy in tuning, it is found that α = 90◦ and I2 remains un-
changed when the current gain is constant. Moreover, if the input
impedance has a zero phase angle (ZPA), I1 will also remain
unchanged. According to (6), we have Peddy ∝ f2

1 , indicating
that ECL can be decreased by reducing f1. However, it should
be noted that a decrease in f1 will lead to an increase in I2.
In other words, if the operated frequency f1 is reduced, this
conventional system cannot maintain a CC gain without adding
additional circuits or control measures, and this issue will be
addressed in the following section.

III. CGFR MODULE

A. Structure of CGFR Module

For the system described in Fig. 1 (see Table I for the system
parameters), this article proposes a novel CGFR module (see
Fig. 3) to reduce the ECL while ensuring a CC gain irrespective
of f1. The rationale behind the proposed module is to reduce the
operating frequency of the system.

The CGFR module comprises an inductor L3 and a capacitor
C3 connected in series.L3 is wound on the upper layer ofL1 and
has the same parameters than L1, i.e., N1 = N3 and r1 = r3. If
we ignore the height difference caused by the wire diameter, the
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Fig. 3. Structure of the magnetic coupler with CGFR module.

Fig. 4. Equivalent circuit diagram of UWPT systems with CGFR module.

spatial positions of L1 and L3 can be viewed as the same, i.e.,
M12 ≈ M23 ≈ M .

It should be emphasized that different from the traditional
relay coil or three-coil structure, the coils in the CGFR module
proposed in this article must be closely attached to the magnetic
coupler of the original system and have the same geometric
shape. The reasons will be explained in the Section III-C.

B. Frequency Reduction Strategy Based on CGFR Module

For an existing system, one can simply place the CGFR
module on the Tx coil of the magnetic coupler to obtain a new
system; see Fig. 4 for the circuit diagram. Again, to simplify the
analysis, the ESRs are ignored. The KVL equation is⎡

⎢⎣U1

0

0

⎤
⎥⎦ =

⎡
⎢⎣ jX ′

1 jω2M12 jω2M13

jω2M12 jX ′
2 +Req jω2M23

jω2M13 jω2M23 jX ′
3

⎤
⎥⎦
⎡
⎢⎣I

′
1

I′2
I′3

⎤
⎥⎦ (8)

where

ω2 = ω1/n (9)

where n is the frequency reduction ratio. That is, the CGFR
module reduces the operating frequency of the system ton times
that of the original system, and n can be any real number within
the range (1,+∞).

When the circuit component parameters are selected such that{
X ′

3 = −ω2M13M23

(n−1)M12

X ′
1 =

ω2
2M

2
13

X ′
3

X ′
2 =

ω2
2M

2
23

X ′
3

(10)

where

X ′
i = ω2Li − 1

ω2C ′
i

(11)

Fig. 5. Phasor diagram of the UWPT systems with CGFR module.

then we have⎧⎪⎪⎪⎨
⎪⎪⎪⎩
I′1 =

Req

n2ω2
2M

2
12
U1

I′2 = 1
jnω2M12

U1

I′3 =
[

(n−1)Req

n2ω2
2M12M23

− j n−1
nω2M13

]
U1.

(12)

By substituting (9) to (12), we have⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

I′1 =
Req

ω2
1M

2
12
U1

≈ Req

ω2
1M

2U1 = I1

I′2 = 1
jω1M12

U1

≈ 1
jω1M

U1 = I2.

(13)

From (9) and (13), it can be seen that I1 = I′1, I2 = I′2, that
is, the CGFR module reduces the operating frequency of the
system to n times that of the original system, while the current
gain remains constant. The phase domain behavior, as derived
from (12), is visualized in the reconstructed phasor diagram (see
Fig. 5),U1 is in phase with I′1 confirms preserved ZPA operation.

C. ECL Analysis of UWPT Systems With CGFR Module

This section will introduce the principle of how the CGFR
module can reduce the ECL of UWPT system. The electric field
E′

1 generated by I′1 flowing through L1 and E′
3 generated by I3

flowing through L3 can be expressed as{
E′

1 (ρ, ϕ, z)=− jω2μr1N1I
′
1

2

∫∞
0

λ
uJ1 (λr1)J1 (λρ) e

−u|z|dλeϕ

E′
3 (ρ, ϕ, z)=− jω2μr3N3I

′
3

2

∫∞
0

λ
uJ1 (λr3)J1 (λρ) e

−u|z|dλeϕ.

(14)

Therefore, the total ECL P ′
eddy1 generated by L1 and L3 can

be described by

P ′
eddy1 =

∫∫∫
V

σ
(
E ′

1
2
+ E ′

3
2
+ 2E ′

1E
′
3 cos ζ

)
dV (15)

where ζ is the phase difference between I′1 and I′3, which can
be derived from (12) as follows:

ζ = 0◦ − arctan
Im(I′3)
Re(I′3)

= arctan
ω1M12M23

ReqM13
. (16)



14042 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 9, SEPTEMBER 2025

Fig. 6. ζ and cos ζ versus RL.

From (16), it is found that ζ is independent of n. ζ and cos ζ
versus RL are compared in Fig. 6, from which, we have cos ζ ≈
1. Similar to (7), (15) can be reformulated as

P ′
eddy1 = β1I

′2
1 f2

2 + β3I
′2
3 f2

2 + β13I
′
1I

′
3f

2
2 cos ζ (17)

where ⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

β1 = σπ2μ2r21N
2
1

∫∫∫
V A2

1dV

β3 = σπ2μ2r23N
2
3

∫∫∫
V A2

3dV

β13 = 2σπ2μ2r1r3N1N3

∫∫∫
V A1A3dV

A1 =
∫∞
0

λ
uJ1 (λr1)J1 (λρ) e

−u|z|dλeϕ

A3 =
∫∞
0

λ
uJ1 (λr3)J1 (λρ) e

−u|z|dλeϕ.

(18)

Since the parameters of L3 of the introduced CGFR module
are the same with those of L1 of the original system, i.e., N1 =
N3 and r1 = r3, we have β13 = 2β1 = 2β3. Thus, (17) can be
rewritten as

P ′
eddy1 = β1

(
I ′21 + 2I ′1I

′
3 + I ′23

)
f2
2 . (19)

It is indicated that the total electric field generated by I′1
flowing through L1 and I′3 flowing through L3 can be viewed as
that generated by the equivalent current Ieq = I′1 + I′3 flowing
throughL1. According to (3)–(6), the ECL of the UWPT system
with CGFR module is

P ′
eddy = P ′

eddy1 + P ′
eddy2 + P ′

eddy12

= β1I
2
eqf

2
2 + β2I

′2
2 f2

2 + β12IeqI
′
2f

2
2 cos γ (20)

where γ is the phase difference between Ieq and I2. From (12),
we have

Ieq =

[
(n− 1)Req

n2ω2
2M12M23

+
Req

n2ω2
2M

2
12

− j
n− 1

nω2M13

]
U1

≈
(

nReq

ω2
1M

2
12

− j
n− 1

ω1M13

)
U1

= nI′1 − j
n− 1

ω1M13
U1 (21)

γ = arctan
Im(Ieq)

Re(Ieq)
+ α

≈ 90◦ − arctan
(n− 1)ω1M

2
12

nReqM13
. (22)

Fig. 7. Ieq and nI1 versus RL under different n.

1) Analysis of P ′
eddy1: According to (21), Ieq and nI1 versus

RL under differentn are shown in Fig. 7, from which, it can seen
that Ieq is slightly greater than nI1, we have

P ′
eddy1 = β1I

′2
eqf

2
2 ≈ β1n

2I21f
2
2 = β1I

2
1f

2
1 = Peddy1 (23)

which indicates that the ECL generated by Tx coils is indepen-
dent of n.

2) Analysis ofP ′
eddy12: According to (22),γ and cos γ versus

RL under differentn are shown in Fig. 8, from which, it can seen
that cos γ ≈ 0 and

P ′
eddy12 = β12IeqI

′
2f

2
2 cos γ ≈ 0 = Peddy12. (24)

3) Analysis ofP ′
eddy2: From (13), it can be seen that I2 = I ′2,

we have

P ′
eddy2 = β2I

′2
2 f2

2 =
β2I

2
2f

2
1

n2
=

Peddy2

n2
(25)

which indicates that the Rx coil ECL reduced to 1/n2 of the
original value.

4) Analysis of P ′
eddy: On the basis of the above analysis, the

ECL of the UWPT system by taking the CGFR module into
account is reduced by

ΔPeddy = Peddy2 − P ′
eddy2. (26)

By substituting (25) to (26), we have

ΔPeddy =
n2 − 1

n2
β2I

2
2f

2
1

=
n2 − 1

n2
Peddy2. (27)

From (13) and (27), it can be seen that the CGFR module
proposed in this article can reduce the ECL and the current gain
of the system can be maintained unchanged without the need to
add additional circuits or controls.

IV. PARAMETER CONFIGURATION OF CGFR MODULE

For a specific UWPT system with SS topology, the parameter
configuration of the CGFR module essentially boils down to the
selection of the frequency reduction ratio n. It can be seen from
(27) that the larger n is, the smaller the ECL will be. However,
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Fig. 8. γ and cos γ versus RL under different n. (a) γ. (b) cos γ.

the CGFR module will introduce additional coil losses, so there
exists an optimal n at which the best efficiency is achieved.
Therefore, this section will conduct a further analysis of the
relationship between the total losses of the system and n.

A. Power Losses Analysis

The overall lossesP ′
loss of the UWPT system with SS topology

mainly consists of four parts, i.e., the losses of the inverter P ′
inv,

rectifier P ′
rec, magnetic coupler P ′

mc, and eddy currents P ′
eddy.

1) Power Losses of the Inverter: Since the UWPT system
with the CGFR module proposed in this article does not require
phase shift control, the losses of the inverter P ′

inv can be approx-
imately expressed by the conduction losses of MOSFETs as [23]

P ′
inv = 2I ′21 Rinv (28)

where Rinv is the drain-source on-state resistance.
2) Power Losses of the Rectifier: The power losses of the

rectifier P ′
rec can be given as [23]

P ′
rec =

4
√
2

π
VFI

′
2 + 2I ′22 Rrec (29)

where VF is the diode forward voltage and Rrec is the equivalent
on-state resistance of diode.

Fig. 9. Copper losses versus n under RL = 12Ω.

3) Power Losses of the Magnetic Coupler: Since the mag-
netic coupler in this article does not contain aluminum plate,
the losses of the magnetic coupler P ′

mc can be divided into two
parts: the core losses P ′

core introduced by the ferrite layers and
the copper losses P ′

coil introduced by the coil layers. Thus, we
have

P ′
mc = P ′

core + P ′
coil. (30)

The total core losses P ′
core can be expressed as

P ′
core = cf2

aB′
1
b
V1 + cf2

aB′
2
b
V2 (31)

where a, b, c are empirical coefficients, which can be obtained
from the ferrite datasheet, B′

1 and B′
2 are the magnetic flux den-

sities within the Tx ferrite layer and Rx ferrite layer, respectively.
V1 and V2 are the volumes of the Tx ferrite layer and Rx ferrite
layer, respectively. Although the core loss varies as a function
of n, it is normally ver small and seldom affects the total losses.
Therefore, for simplicity in analysis, it can be approximated as
a constant [24].

The copper losses P ′
coil can be described as

P ′
coil = I ′1

2
R′

1 + I ′2
2
R′

2 + I ′3
2
R′

3 (32)

where R′
i(i = 1, 2, 3) are the ac ESRs of the coils within f2.

Although the litz wire, which consists of many copper strands,
can be applied to reduce the skin and proximity effects, the
improvement is limited for high-frequency operation. Therefore,
for a more accurate calculation of P ′

coil, R
′
i can be described

as [25]

R′
i = Rdci

[
1 +

5N2 − 1

45

(π
4

)3
(
d

p′

)4
]

(33)

where Rdci is the dc ESRs of the coils, d is the diameter of the
litz wire, N is the total effective number of copper strands of
the coil, and p′ is the skin depth of the litz wire, which can be
expressed as

p′ =
1√

πμ0σcuf2
(34)

where μ0 is the vacuum permeability and σcu is the conductivity
of the copper. Coil losses versus n under RL =12 Ω are shown
in Fig. 9, from which, it can been seen that the lager n is, the
smaller copper losses of Tx coil P ′

coil1 and Rx coil P ′
coil2 are.
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Fig. 10. DC–DC efficiency η versus RL and n. (a) Three dimension. (b) η versus n. (c) η versus RL.

However, since the copper loss of the CGFR module coil P ′
coil3

will increase as n increases, the total copper loss P ′
coil will first

decrease and then increase.
4) Power Losses of the Eddy Currents: The ECL of the

UWPT system with CGFR module has been analyzed in detail
in Section III-C, showing that the larger n is, the smaller the
P ′
eddy is. According to (24), it can be calculated by

P ′
eddy = β1I

2
eqf

2
2 + β2I

′2
2 f2

2 . (35)

B. How to Select Frequency Reduction Ratio n

This article focuses on improving the efficiency of the UWPT
system. Therefore, efficiency is the most crucial indicator for
the selection of n. In addition, the device stress in the system
is also a constraint. As seen from (13), the currents in the Tx
and Rx coils of the UWPT system with the CGFR module are
independent of n and remain the same as those in the original
system. Thus, the device stresses of the inverter, L1, L2, and
the rectifier do not change. However, as indicated by (12), the
current flowing through L3 increases with the increase of n. An
excessively large n will lead to an overly high current stress on
L3. Therefore, based on the maximum overcurrent capacity of
the adopted litz wire, when RL reaches its maximum value, the
upper limit of n can be calculated through (12).

The dc–dc transmission efficiency η of the UWPT system
with the CGFR module can be computed as

η =
I ′o

2RL

I ′o
2RL + P ′

loss

× 100%. (36)

According to (28)–(36), η versus n and RL are shown in Fig. 10,
from which, it can be seen that for each RL, there exists an
optimal frequency reduction multiple no that maximizes the η.
When RL is in the range of 5–12 Ω, the optimal n is 2–4. Since
the SS topology addressed in this article has the characteristic
of CC output, the larger RL is, the greater the output power is.
From Fig. 10(c), it can be seen that when the system is operating
under a light load condition, the efficiency with n = 3 is higher,
when the system is operating under a heavy load condition, the
efficiency with n = 2 is higher. In addition, it can be observed
that when n = 3, the system’s efficiency fluctuates less within
the load range of 5–12 Ω.

Since η is dependent on RL, which could vary with respect
to time, let us define a weighted efficiency ξ as follows as a new
performance index

ξ =
m∑
i=1

wiηi (37)

wherewi and ηi are, respectively, the weight and efficiency when
the load is RLi, m is the number of load levels. When adopting
the CGFR module to improve the transmission efficiency of the
UWPT system, different weights can be assigned to different
load levels according to the actual requirements, and it needs to
satisfy

m∑
i=1

wi = 1. (38)

By calculating with (37), the value of n that maximizes ξ is
selected as the frequency reduction ratio of the system. Then,
the corresponding values of the compensation capacitances are
determined according to (10) and (11), thus completing the
parameter configuration of the CGFR module. The procedure
is summarized in Fig. 11.

V. EXPERIMENTAL VERIFICATION

A. Experimental Setup

A 1.5-kW prototype was constructed to experimentally vali-
date the efficiency enhancement of the proposed methodology
(see Fig. 12). A comparative experimental evaluation was con-
ducted at frequency reduction ratios n = 2 and n = 3, with
critical system parameters enumerated in Table II. Both Tx and
Rx coils measure 300 × 300 mm, wound with 12-turn litz wire
(N1 = N2 = N3 = 12), and the Tx and Rx ferrite sizes are both
300 × 300 × 10 mm. The gap between Tx and Rx is 200 mm,
which is filled with seawater of σ = 4.8 S/m [14]. The MOSFETs
of the full-bridge inverter are C3M0021120K from Wolfspeed,
and the diodes of the full-bridge rectifier are IDWD30G120C5
from Infineon. The TMS320F28335 processor serves as the
controller.

B. CC and Constant Gain Performance Verification

Fig. 13 shows the output currents with different loads. Under
the condition of same Uin, the output current I ′o with n = 2, I ′o
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Fig. 11. Flowchart of the parameter configuration of the CGFR module
procedure.

Fig. 12. Experimental prototype.

withn = 3, and Io are almost consistent, which indicates that the
CGFD module proposed in this article will not change the current
gain of the system. Besides, it has CC output characteristics
within the load variation range from 5 to 12 Ω.

Fig. 14 shows the experimental waveforms with different
loads. It can be seen that the frequency of the proposed system is
reduced by n compared with that of the original system. More-
over, Ieq is almost equal to nI1, which verifies the conclusion
in Section III-C, and that the ECL generated by the Tx remains
unchanged under the three different experimental conditions.

TABLE II
PARAMETERS OF PROTOTYPE

Fig. 13. Io and I ′o versus RL.

Besides, the topology proposed in this article provides a rela-
tively larger phase lag in the resonant current than the traditional
topology, which helps to achieve the ZVS operation and further
improve the transmission efficiency, especially in the presence
of heavier harmonic distortions.

C. Efficiency Improvement Strategy Verification

Fig. 15 compares the efficiency ηmea measured by power
analyzer PW6001 from HIOKI and ηcal calculated by (36) of
the three systems with different loads. It should be noted that
ηcal is calculated by substituting the current measured by the
current probe into (36). It is clear from this figure that ηmea and
ηcal are almost equal, which verifies the accuracy of (36).

It can also be seen from Fig. 15 that the efficiency of the
two systems using the CGFR module is higher than that of the
original system within the load range of 5 to 12 Ω. Particularly,
the efficiency attains its peak value at n = 3 in the light load
condition, while atn =2 in the heavy load condition. In addition,
the fluctuation of the transmission efficiency of the system with
n = 2 is relatively small when the load changes.

The input and output parameters of the three systems when
RL = 5 Ω and RL = 12 Ω measured by power analyzer are
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Fig. 14. Experimental waveforms with different RL. (a), (d), and (g) Without CGFR. (b), (e), and (h) n = 2. (c), (f), and (i) n = 3. (a) RL = 5 Ω. (b) RL =
5 Ω. (c) RL = 5 Ω. (d) RL = 8 Ω. (e) RL = 8 Ω. (f) RL = 8 Ω. (g) RL = 12 Ω. (h) RL = 12 Ω. (i) RL = 12 Ω.

Fig. 15. ηcal and ηmea versus RL.

shown in Fig. 16, from which, it can be seen that the efficiency
of the system with n = 3 increases from 79.8% to 87.6%, with
a maximum improvement of 7.8% when RL = 5 Ω, and the
efficiency of the system with n = 2 increases from 80.4% to
84.6%, with a maximum improvement of 4.2% when RL =
12 Ω. It is indicated that the CGFR module proposed in this

article can improve the efficiency of the UWPT system without
changing the current gain.

Notably, as additionally demonstrated in Fig. 15, the max-
imum efficiency improvement occurs under light-load con-
ditions. The UWPT system with SS-compensated topology
adopted in this article exhibits a load-independent CC output
characteristic, that is, the larger RL is, the greater output power
Pout will be. However, due to the inherent CC output char-
acteristic of the system, the ECL generated by the Rx side
remain load-independent. Consequently, the proportion of Rx
side ECL in total system losses decreases with increasing load
resistance. Crucially, since the proposed strategy enhances effi-
ciency by suppressing Rx ECL (as analyzed in Section III-C), the
maximum efficiency improvement is achieved under light-load
conditions.

D. Power Losses Analysis

Fig. 17 shows the loss distribution of the three systems when
RL = 5 Ω and RL = 12 Ω. It can be seen that since I1 ≈ I ′1
and I2 ≈ I ′2, Pinv, Prec, Pcoil1, and Pcoil2 of the three systems
are almost unchanged. However, the system with the CGFR
module has an additional coil loss Pcoil3′ . Moreover, it can be
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TABLE III
COMPARISONS WITH OTHER WORKS

Fig. 16. Power Meter. (a), (b) without CGFR. (c), (d) n = 2. (e), (f) n = 3.
(a) RL = 5 Ω. (b) RL = 12 Ω. (c) RL = 5 Ω. (d) RL = 12 Ω. (e) RL = 5 Ω.
(f) RL = 12 Ω.

seen that the ECL generated by Tx Peddy1 of the three systems
are almost equal. However, the ECL generated by Rx Peddy2

of the system with CGFR module are almost reduced by n2

times, which agrees well with (27). Therefore, the transmission
efficiency is improved.

E. Comparison With Other Works

Table III gives a comparison of this work with existing re-
search works that focus on efficiency improvement for UWPT
systems. In [12], a 1 × 1 × 1 magnetic coupler is proposed,
which can reduce by half the Tx coil ECL. However, this method
cannot be applied to situations where the Rx coil uses ferrite.
In [14], the ECL can be reduced by suitably adjusting the phase
difference between the currents flowing through Tx and Rx
coils. Nevertheless, an active rectifier is required on the Rx
side. In [15], the efficiency can be improved by optimizing the

Fig. 17. Loss distribution when (a) RL = 5 Ω. (b) RL = 12 Ω.

operating frequency of the system. Nevertheless, the method
does not guarantee a CC gain for UWPT systems.

To sum up, compared with other works, the strategy proposed
in this article has the following three main advantages.

1) The strategy proposed in this article can significantly
improve the transmission efficiency of the UWPT system
within the load range of 50 % to 100 %, and there is no
need to add any additional converters or control measures.

2) The strategy proposed in this article can achieve an effi-
ciency of 87.6 % when the coupling coefficient k is only
0.07. It is indicated that the strategy has good application
potential in scenarios of long-distance transmission.
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3) The strategy proposed in this article does not rely on
communication, and it applies to magnetic couplers of
various shapes, showing good universality.

VI. CONCLUSION

An efficiency improvement strategy with CC characteristics
for UWPT systems with SS topology has been proposed in this
article. A CGFR module has been developed and by placing it
on the Tx coil of a WPT system, the operating frequency of the
system can be reduced by n times, while the ECL generated by
the Rx coil can be reduced byn2 times. In this process, the system
preserves a CC gain. By establishing the circuit model of the
proposed system, analyzing the losses of the system, and based
on this, a parameter configuration method for the CGFR module
is given. A 1.5-kW prototype is developed, and the experimental
results show that the proposed CGFR module indeed improves
the system efficiency within the load variation from 5 to 12 Ω,
with a maximum increment of 7.8%. The proposed strategy
can significantly improve the efficiency of the UWPT system,
and it is particularly applicable in scenarios of long-distance
transmission.
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