Progress In Electromagnetics Research C, Vol. 163, 168-180, 2026

(Received 25 September 2025, Accepted 11 November 2025, Scheduled 19 December 2025)

Experimental Results and Analysis of a 2-Receiver Midrange
Wireless Power Transfer System in Seawater

Xiaoliang Li, Wanggiang Niu*, and Xianwen Zhou

Key Laboratory of Transport Industry of Marine Technology and Control Engineering
Shanghai Maritime University, Shanghai 201306, China

ABSTRACT: Due to the high electrical conductivity, relative permittivity, and magnetic permeability of seawater, the propagation behav-
ior of electromagnetic fields differs significantly from that in air. The conductive nature of seawater causes strong eddy current loss and
magnetic field attenuation, thereby reducing the effective coupling coefficient and resulting in frequency detuning between the transmitter
and receiver coils. Moreover, the marine environment introduces parasitic impedance paths and additional energy dissipation due to the
conductive medium, which further decreases transmission efficiency. These unique electromagnetic characteristics make the design and
optimization of wireless power transfer (WPT) systems in seawater more complex and challenging than in air, motivating this study to
develop and analyze a dual-receiver WPT architecture that improves midrange transmission efficiency under underwater conditions. To
address this issue, a single-transmitter dual-receiver (1TX-2RX) WPT system operating in the 300-550 kHz frequency range is designed
and implemented. Experimental results demonstrate that, under midrange transmission in seawater, the efficiency of the proposed 2RX
architecture improves markedly from 12% in the 1RX system to 25%, while maintaining stable output performance under various receiver
coil misalignment conditions. In addition, compared with operation in air, the optimal operating frequency of the 2RX system in seawater
shifts leftward from approximately 460 kHz to 410 kHz. To better characterize the impact of seawater on transmission performance, com-
plex impedance and mutual inductance parameters are incorporated into the conventional circuit model, enabling effective representation
of the additional losses and coupling attenuation induced by the conductive medium. The predicted load voltage is consistent largely
with the experimental measurements, validating the accuracy and applicability of the proposed modeling approach. Overall, this study
not only experimentally verifies the feasibility of improving midrange transmission efficiency through a dual-receiver architecture but
also establishes theoretically a circuit modeling method suited better for seawater environments, providing useful insights for the design
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and optimization of marine WPT systems.

1. INTRODUCTION

ireless Power Transfer (WPT) has been widely adopted
Win various industries, including medical, aerospace, and
home appliances, as well as underwater devices that require
specialized power supplies, due to its non-contact power trans-
mission capabilities [1]. Traditional underwater devices, such
as autonomous underwater vehicles (UUVs), are typically pow-
ered through conventional cables or batteries, and the batteries
should be recharged or replaced regularly, which greatly affects
their operational range, stability, and concealment, especially in
special underwater missions [2].

In the air, traditional series-series (S-S) wireless power
transfer systems exhibit a significant decline in transmis-
sion efficiency as the distance increases under mid-range
conditions, primarily due to severe power attenuation. Com-
mon approaches to improve efficiency include adding extra
transmitter coils or relay coils to reduce energy loss [3], or
incorporating ferrite materials to enhance magnetic coupling
between coils [4]. However, unlike air, seawater presents
unique physical properties such as high conductivity and per-
mittivity. Under such conditions, applying the same strategies
— such as adding transmitter coils or ferrite materials — may
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lead to an increase in the equivalent series resistance of the sys-
tem, thereby increasing energy losses and negatively impacting
overall efficiency [5]. Therefore, there is an urgent need to
carry out a systematic and in-depth study on the transmission
topology of wireless power transfer systems to improve the
overall transmission performance and efficiency [6].

Unlike air, seawater, as a medium with high conductivity,
has an important impact on the transmission characteristics of
WPT systems [7]. Several researches have explored the transfer
ability of multi-receiver WPT systems in the air. Ref. [8] ver-
ified the feasibility of a single transmission coil under multi-
load conditions by expanding it into two small transmission
coils by experimental means. Still, it did not provide an in-
depth theoretical analysis of the transmission mechanism and
system characteristics. Ref. [9] investigated the multiple reso-
nant coil structure and showed that the introduction of an inter-
mediate resonant coil helps to extend the transmission distance;
however, it did not consider the effect of the relative position
between the pickup coil and the resonant coil on the system
performance. Ref. [10] proposes a wireless power transfer sys-
tem based on a dual pickup coil structure, which can signifi-
cantly improve the output power and transmission efficiency
of a WPT system under heavy load conditions. However, the
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performance enhancement of this scheme is realized based on
the prerequisite of neglecting the mutual inductance between
the receiving coils.

Currently, WPT systems in seawater environments still
face many technical challenges, including eddy current losses
caused by the conductive medium, the splitting phenomenon of
the resonant frequency [11], the rapid attenuation of the mag-
netic field in seawater, and the system stability problem caused
by the ocean current perturbation [12]. Ref. [13] presents a
Z-parameters method for efficient modeling of underwater
wireless energy transmission based on impedance parameters.
The method combines electromagnetic field analysis and two-
port network theory, and establishes a coil impedance model
that includes the effects of seawater medium properties, thus
more accurately describing the electromagnetic behavior of
coils in underwater environments. Ref. [14] designs and real-
izes a wireless magnetic resonance power transmission system
with a multi-coil structure based on the theory of Band-Pass
Filter (BPF). The system optimizes the coupling characteristics
between the coils through the filter theory, which improves the
energy transmission efficiency and system stability. Ref. [15]
simplifies the modeling and analysis of eddy current losses by
equating the eddy current effect induced by the time-varying
electromagnetic field in seawater to two additional resistors
connected in series to the primary and secondary side coils.
Ref. [16] pointed out that in a uniform dissipative medium,
there is a significant electromagnetic coupling between the
driving current and the induced eddy currents, and this interac-
tion will cause changes in the self-impedance of the coils and
their mutual inductance with each other, which will have an
important effect on the electromagnetic characteristics of the
wireless energy transmission system. Ref. [17] experimentally
found that the transmission efficiency of a symmetric WPT
system in seawater is significantly higher than in air under
midrange transmission conditions (where the transmission
distance exceeds the outer diameter of the transceiver coils)
and a triple-coil coupling circuit model is proposed to explain
their observations. Ref. [18] proposed a Multi-Transmitter
Multi-Receiver (MT-MR) WPT system and combined it
with a maximum efficiency tracking algorithm, which was
successfully applied to an underwater buoy platform. The
system can wirelessly charge multiple beacon devices at the
same time, thus supporting more data transmission tasks and
improving the overall performance and operational efficiency
of the underwater communication system. Ref. [19] proposes
a modeling method based on complex self- and complex-
mutual inductance to explain phenomena such as transmission
efficiency enhancement and optimal frequency left-shift in a
midrange seawater environment. The study finds the trend
of the real part of the complex mutual inductance increasing
with frequency and points out that this trend is an important
reason leading to the enhancement of the system’s transmission
capability, which provides a good reference for the complex
impedance modeling of the single-transmitter-dual-receiver
system investigated in this paper.

In this paper, experiment is platformed for a 1TX-1RX and
a ITX-2RX system are first constructed based on the classi-
cal series-series (S-S) topology, and experimental observations
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are carried out in both air and seawater environments. The ex-
perimental results show that the maximum load voltage of the
1TX-2RX system in seawater is also left-shifted compared with
that in air, and the performance is similar to that of the 1TX-
1RX system; moreover, the load voltage and transmission effi-
ciency of the I TX-2RX system in seawater are better than those
in air environment at midrange. In addition, the transmission
efficiency was significantly improved from 12% (in the 1RX
system) to 25% (in the 2RX system). It is also found that in
seawater, when the receiving coil is offset within 15 cm rela-
tive to the transmitting coil, the load voltage of the 2RX system
is less affected; the transmission performance remains stable;
and the system has better anti-offset characteristics. Finally,
inspired by [13-16], a new circuit model containing complex
impedance and complex mutual inductance parameters is pro-
posed to describe the transmission behavior of the 1TX-2RX
system in seawater, and the model is verified by experiments.

This paper is divided into five parts. The first part reviews
and summarizes the previous research in related fields. The sec-
ond part builds an underwater experimental platform and shows
the experimental results. The third part proposes a new circuit
model for the experimental results and analyzes the parame-
ters in the model in detail. The fourth part provides a theoreti-
cal explanation of the experimental results based on this circuit
model. Finally, Part V summarizes the whole paper.

2. EXPERIMENTS ON WPT SYSTEMS IN AIR AND
SEAWATER

2.1. Experimental Platform Construction

A 1TX-1RX WPT system is first analyzed, which serves as a
theoretical and experimental reference for the proposed 1TX-
2RX WPT system.

2.1.1. Circuit Model of the TRX and 2RX System in Air
(1) ITX-1RX WPT system

For a typical WPT system with S-S topology, the circuit
topology is shown in Fig. 1. The dot convention for mutual
inductances is applied in the equivalent circuit diagram to indi-
cate the polarity of the coupling between coils, ensuring that the
additive or differential nature of mutual inductance is clearly
defined.

The parameters of thel TX-1RX system in the air are shown
in Table 1. The circuit parameters listed in Table 1, including
resistances, inductances, and capacitances, are measured exper-
imentally in the laboratory. The mutual inductance between
coils changes with the transmission distance. Since this work
focuses on the midrange (30 cm) underwater wireless power
transfer condition, only the simulated mutual inductance calcu-
lated by ANSYS Maxwell at 30 cm in air are listed in Table 1.

(2) 1TX-2RX WPT system

The circuit topology of the 1 TX-2RX WPT system is shown
in Fig. 2. Two receiving coils are connected in series to the
same load, where the dot convention is applied to indicate the
polarity of mutual inductances.
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TABLE 1. Experimental parameters of the IRX WPT system in air.

TABLE 2. 2RX WPT system experimental parameters in air.

Parameter Symbol Value Parameter Symbol Value
Ry Equivalent internal resistance of primary/2  0.35 Ry Equivalent internal resistance of primary/2  0.35
Ry Equivalent inter.nal rf:sisFance 032 Ry Equivalent inter.nal rfesisfance 032

of secondary side circuit/2 of secondary side circuit/2
Ry, Secondary side load resistance/S2 20 Ry Secondary side load resistance/S2 20
Rp Primary side balancing resistance/{2 20 Rp Primary side balancing resistance/(2 20
Cy, Co Compensation capacitor/nF 2 Cy, Co, Cs Compensation capacitor/nF 2
L1, Lo Coil Equivalent Inductance/puH 64 L1, Lo, L3 Coil Equivalent Inductance/puH 64
Ui High Frequency Voltage Sources/V 20 U High Frequency Voltage Sources/V 20
M2 Mutual inductance (30 cm)/puH 0.937 Mz, Mis Mutual inductance (30 cm)/pH 1.38
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FIGURE 2. 1TX-2RX WPT system circuit topology in air.

The parameters of the 1TX-2RX system in air are shown in
Table 2 Among them, M12 and M13 represent the mutual in-
ductances between the coils, and M12 = M13 at a transmission
distance of 30 cm is calculated by ANSYS Maxwell, and other
parameters are measured experimentally in the laboratory.

2.1.2. Construction of WPT Experimental Platform in Seawater

Based on the circuit topologies of the 1RX and 2RX configu-
rations in air, experimental platforms were designed for both
air and seawater environments, as illustrated in Fig. 3. The
main circuits of the 1TX-1RX and 1TX-2RX wireless power
transfer systems primarily consist of coils, resistors, and com-
pensation capacitors. The coils are wound with AWG16 cop-
per wire in 17 turns, featuring an inner diameter of 12 cm and
an outer diameter of 22 cm. To simulate the seawater environ-
ment, the coils are immersed in a water tank with dimensions
of 120 x 70 x 70 cm?®, into which sea salt is dissolved. The con-
ductivity of the prepared seawater is 3.41 S/m at room temper-
ature (20°C), measured using a conductivity meter (LC-DDB-
1A, Shanghai Lichen Bangxi).
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Figure 4 illustrates the experimental setup, including a signal
generator (Tektronix AFG3102), a 10 W power amplifier (Rigol
PA1011), and an oscilloscope (Rigol DS1302). The signal gen-
erator outputs a sinusoidal waveform, which is amplified ten-
fold by the power amplifier and then fed into the transmitter
coil. In addition, Fig. 4 shows the load voltage waveform of
the 1TX-1RX WPT system in air at a transmission distance of
30 cm, with the resonant frequency set to 500 kHz.

2.2. Experimental Observations in Air and Seawater

Based on the obtained circuit parameters, experimental tests
were conducted for both single-receiver IRX and 2RX systems
in air and seawater environments. The comparative experimen-
tal results are presented as follows.

2.2.1. Performance of TRX and 2RX Systems in Air (Without Misalign-
ment)

As shown in Fig. 5, the load voltage of both systems initially
increases and then decreases with increasing frequency in air,
reaching a peak near the resonant frequency under a fixed trans-
mission distance. Moreover, the load voltage declines as the
transmission distance increases. In short-range transmission,
the single-receiver system exhibits frequency splitting due to
over-coupling between the coils [20], whereas the dual-receiver
system remains relatively stable.

2.2.2. Performance of TRX and 2RX Systems in Seawater (Without Mis-
alignment)

In seawater, the 1RX system exhibits frequency splitting at
close transmission distances, resulting in multiple peaks in the
load voltage response. In contrast, the 2RX system remains
stable under the same conditions, showing no signs of fre-
quency splitting as shown in Fig. 6. At midrange transmission
distances, both systems demonstrate relatively stable perfor-
mance without frequency splitting. Furthermore, the 2RX sys-
tem maintains a more consistent load voltage under midrange
conditions, whereas the IRX system shows a noticeable volt-
age drop. Similar experimental observations have also been re-
ported in the literature [21], where the SEPIC-controlled 1RX
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FIGURE 4. The power amplifier, the signal generator and the oscilloscope.
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FIGURE 5. Experimental load voltage in air for (a) IRX and (b) 2RX WPT systems at different transmission distances and frequencies.

WPT system in seawater maintains a stable output under differ-
ent offsets and angular variations.

2.2.3. Performance of 1RX and 2RX Systems in Seawater (With Mis-
alignment)

Given the complexity of the seawater environment, transmitter-
receiver coil misalignment may occur during operation. In this
experiment, the transmission distance was fixed at 30 cm to
simulate a midrange scenario, while introducing lateral mis-
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alignment by offsetting the receiver coil from the transmitter
coil. The offset distance was varied from Ocmto 15cm in 5 cm
increments.

The variation of load voltage with frequency under different
offset distances is shown in Fig. 7. It can be observed that the
load voltage remains relatively stable despite changes in offset
distance, indicating that the 2RX is less affected by positional
deviation.
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FIGURE 6. Experimental load voltage for (a) IRX and (b) 2RX in seawater at different transmission distances and frequencies.
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FIGURE 8. Experimental load voltage of the 2RX& IRX system at dif-
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In addition, load voltage variations of the IRX and 2RX
systems were compared at fixed frequencies of 390 kHz and
410 kHz under different offset distances. As shown in Fig. §,
the 2RX system exhibits smaller voltage fluctuations with in-
creasing misalignment compared to the 1RX, indicating better
stability under offset conditions.

2.2.4. Efficiency Comparison between TRX and 2RX Systems in Seawa-
ter (Midrange)

Under a midrange transmission distance of 30 cm, the output
voltages and transmission efficiencies of IRX and 2RX WPT
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FIGURE 9. Comparison of the Experimental load voltage and transmis-
sion efficiency between 2RX and 1RX systems in seawater.

systems are compared in a seawater environment with a 20 ()
load. As shown in Fig. 9, the 2RX system delivers a higher load
voltage and a better transmission efficiency, increasing from
12% in the 1RX configuration to 25% in the 2RX setup.

Overall, compared to the 1RX system, the 2RX configura-
tion demonstrates improved load voltage and transmission ef-
ficiency under midrange transmission conditions. Moreover,
it exhibits better stability in the presence of misalignment be-
tween the transmitting and receiving coils.
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3. CIRCUIT MODELING OF THE 2RX SYSTEM IN AIR
AND SEAWATER

In this section, the circuit model of the underwater WPT system
is established, followed by an investigation of its transmission
characteristics under midrange conditions.

3.1. Circuit Model of the 2RX System in Air

The 1TX-2RX WPT circuit model in air is shown in Fig. 2. Two
receiving coils are connected in series to the same load.

According to Kirchhoff’s voltage law, the equation for the
1TX-2RX configuration is:

Unn | _ 21 _air jw (Mg + Miz) | 1:1 1)
0 Jw (Mag + Mys) 23 _air I
where:

21 _air = Rp+Ry +jwlq +

1
jwCh 2

1

Zo_qir=RiL+Ry + Ry +jw(L, + L - -
2_ L+Ry + R + jw( 5+ 3>+_]w(C2+C3)

3)

Similar to the 1RX system, the circuit impedance in the 2RX
system becomes purely resistive at resonance, resulting in max-
imum active power transfer. To ensure circuit symmetry, struc-
tural consistency, and ease of calculation, the primary and sec-
ondary sides are designed to operate at the same resonant fre-
quency, satisfying the following condition: L1 = Lo = Lg;
C1 =Cy = Cs.

From Equation (1), the current of the primary and secondary
side circuits is found to be:

I' - UinZs_qir
1_air wW2(M |5 +M13)2+Z1_airZo_air

in

Z1701T+(W(A112+1V113))2 (4)

2_air

I. o w(M12+M13)U1‘n
2_air = W2 (M 5+M13)?+Z1_air Z2_air

2
Let Z.cp = M be the reflected impedance on the
secondary side.
The equivalent total impedance on the primary side is:

Zin air — Z _air 5
- 1 + Ty (5)
The input power of the system is:
27
Py = Uz ®)
w2(M12 + M13) + Zl,airZ2,air
The output power of the system is:
M Mi3)Uin)?R
Pt = (WM, + Mi3) Uin)" Ry o

2
|:w2(M12 + ]\413)2 + Zl,airZ2,air}

The System efficiency is:

o P”l _ I.22,ai7‘RL
7 Pout Uinj2,air

®)

When the input voltage and load of the system are fixed, the
transmission efficiency is primarily determined by the currents
on the primary and secondary sides. Define the current ratio

as a = ?*—“, a larger « indicates a higher efficiency n; Un-
l_air

der resonance conditions, jwL + w% = 0 holds, the maximum

transmission efficiency can be simplified as:

w2(M12 + M13)2RL
(RQ + Rz + RL) X [(RB+R1)
(Ro+R3 + Rp) + w?(M, + M13)2}

)

Mmax =

3.2. Circuit Model of the 2RX System in Seawater

The circuit model of the 2RX system in seawater is developed
based on the previously established dual-receiver model in the
air. Since the two receiver coils are connected in series and have
identical circuit parameters, the impedance variation caused by
seawater is denoted collectively as AZ.

To simplify the analysis, the mutual inductance between
the transmitting coil and the two receiver coils in seawater is
uniformly defined as M,.,. The high electrical conductiv-
ity of seawater alters the equivalent parameters of the coils,
thereby affecting the magnetic coupling characteristics and
power transfer efficiency.

It has been shown that the complex mutual inductance be-
tween coils in underwater environments exhibits nonlinear vari-
ation with frequency and introduces additional eddy current
losses and phase delay [22]. In [23], a frequency-domain cou-
pled model incorporating complex impedance and mutual in-
ductance was developed based on both electromagnetic simula-
tions and experimental data, providing a solid theoretical foun-
dation for the modeling approach used in this study. The circuit
model of the 2RX system in seawater is illustrated in Fig. 10,
where the dot convention is used to represent the polarity of
mutual inductances between coils.

FIGURE 10. Single Transmitter dual receiver underwater circuit topol-
ogy.

From Kirchhoff’s voltage law, the circuit equation can be ob-
tained as:

|:Uin:||:leea +AZI jWMsea :||:Il

0 jWMsea Z2,sea + AZ2 + AZ?) -[2:| (10)
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where the complex impedance is AZ; = AZ, = AZ;, and
Msea is the complex mutual inductance between the coils in
seawater.

Zl,sea:RB"'_Rl +jWL1 + -

jwCi
(1)
Za_sea =RL+Ry+R3 +JW(L2+L3)+m
The input power of the system is:
P = U;2n (Z2,sea + AZQ + AZ?,) (12)
" sz.gea+(Zl,sea—i—AZl)(ZQ,sea—i_AZQ+AZ3)
The output power of the system is:
P (WMseann)QRL
out =
[w2Ms26a+(Zl,sea+AZI)(Z2,sea+AZQ+AZ3)]2
13)
System efficiency is:
_ Py, _ (WMsea)Q Rp (14)
Pout (ZQ,sea+AZ2+AZ3)[(Zl,sea+Azl)
(Z2,sea + AZQ + AZ3) + (WMsea)2]

Similarly, when the system operates under resonance con-
ditions, that is, L; = Lo = L3; C; = Cy = Cj, and the
resonance condition jwL + % = 0 is satisfied, the maximum
transmission efficiency of the system can be simplified as:

WQMEM RL
(RQ -‘rRL—‘rAZQ—FAZg) X [(Rl —i—RB—‘rAZl)
(RQ + Ry +AZy + AZg) + w?M?2

sea]

(15)

Mmax =

4. EXPERIMENTAL VERIFICATION OF THE MODEL
SUGGESTED

To verify the accuracy of the proposed model, a mid-range
transmission experiment at a distance of 30 cm was conducted
using the experimental platform described in Section 3, as
shown in Figs. 3 and 4.

The complex impedance and mutual inductance parameters
in the underwater wireless power transfer (UWPT) model are
obtained using the open-circuit method on the secondary side,
where key quantities are experimentally measured, and the cor-
responding parameters are calculated in a seawater environ-
ment. The extracted values are then substituted into the original
Kirchhoff’s voltage equations to predict the load voltage of the
system. Finally, the accuracy and applicability of the proposed
model are validated by comparing the predicted results with ex-
perimental measurements.

Taking the 1RX model as an example, the open-circuit
method on the secondary side is adopted to experimentally ob-
tain the complex impedance. Accordingly, Equation (10) is
modified as Equation (16), as shown below.

{Uin]{Zﬁ—AZ }[1’1
U 2 - .7 WM sea 0

jWMsea

174

The complex impedance and complex mutual inductance in
the equation can then be calculated as follows:

Msea = jfﬁl
17)
AZ =Y~ — 7,
Iy

In Equation (17), Uin represents the input voltage on the
primary side, and U, denotes the open-circuit voltage on the
secondary side. Since the introduced complex impedance and
complex mutual inductance are special parameters that contain
imaginary components, all measurements in the circuit are ref-
erenced to the phase of the input voltage source.

4.1. Impedance Acquisition

4.1.1. 1RX System Complex Impedance Acquisition

Figure 11 illustrates the frequency-dependent behavior of the
magnitude of complex impedance in the IRX WPT system un-
der seawater conditions. As shown in the figure, the magnitude
of the complex impedance remains positive across the entire
frequency range, indicating energy losses caused by eddy cur-
rent in the seawater medium, which are primarily manifested as
resistive losses [11, 13].

~ 160
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FIGURE 11. Change in complex impedance modulus of IRX WPT sys-
tem under seawater.

In addition, the impedance magnitude exhibits a decreasing-
then-increasing trend concerning frequency, reaching its min-
imum near the system’s resonant frequency. This observation
implies that the energy transfer efficiency is optimized at reso-
nance.

The real part of the complex impedance primarily reflects
the resistive components of the circuit. Its value remains posi-
tive throughout the entire frequency range, indicating energy
loss caused by eddy current. As shown in Fig. 12(a), the
frequency-dependent trend of the real part is similar to that
of the impedance magnitude: it reaches a minimum near the
resonant frequency and generally exhibits a decreasing-then-
increasing pattern.

Figure 12(b) presents the variation of the imaginary part of
the complex impedance with frequency. Unlike the real part,
the imaginary part is positive in the low-frequency region, in-
dicating an inductive characteristic, and becomes negative at
higher frequencies, suggesting capacitive behavior. Overall,
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FIGURE 12. Impedance changes of the 1IRX WPT system under seawater: (a) real part; (b) imaginary part.

the imaginary part decreases gradually as the frequency in-
creases.

4.1.2. 2RX System Complex Impedance Acquisition

The variation characteristics of complex impedance in the dual-
receiver system are consistent with those in the single-receiver
system. As shown in Fig. 13, the magnitude of the complex
impedance initially decreases and then increases with increas-
ing frequency, reaching its minimum near the system’s resonant
frequency, which corresponds to the point of maximum trans-
mission efficiency.
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FIGURE 13. Change in complex impedance modulus of the 2RX WPT
system under seawater.

Figure 14 illustrates the variation of both the real and imag-
inary parts of the complex impedance. The real part remains
positive throughout the frequency range and follows a similar
trend, first decreasing and then increasing, which reflects the
change in the resistive component of the circuit.

In contrast, the imaginary part generally decreases with in-
creasing frequency. It is positive in the low-frequency range,
indicating inductive characteristics, and becomes negative at
higher frequencies, indicating capacitive characteristics. This
reveals the complex inductive-capacitive transformation of the
system’s reactance as the frequency changes.

4.2. Mutual Induction Acquisition

To further investigate the coupling behavior of the system in
different media, the mutual inductance of both 1RX and 2RX
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configurations was experimentally measured in seawater and
compared with that in the air.

4.2.1. 1RX System Mutual Complex Induction Acquisition

In an air medium, the magnitude of mutual inductance depends
solely on the physical structure of the coils (e.g., wire diame-
ter, number of turns, radius) and their relative positioning (in-
cluding distance, axial alignment, and offset angle). Once the
coil parameters and transmission distance are fixed, the mu-
tual inductance remains constant. However, in a seawater envi-
ronment, mutual inductance becomes frequency-dependent and
exhibits noticeable variation with frequency [11].

This frequency-dependent behavior of mutual inductance is
further confirmed through experimental measurements.

As shown in Fig. 15, the magnitude of the complex mutual
inductance measured in a seawater medium shows an overall
increasing trend with rising frequency, with the growth becom-
ing more evident in the high-frequency range.

Figure 16 shows that both the real and imaginary parts of the
complex mutual inductance increase as frequency rises. The
real part remains positive across the frequency range, indicating
effective magnetic coupling between coils in seawater. Mean-
while, the imaginary part varies with frequency, being nega-
tive at low frequencies and turning positive at higher frequen-
cies, which reflects the increasing eddy current losses with fre-
quency.

In addition, compared to the air environment, the real part of
the mutual inductance in seawater is larger, indicating that sea-
water enhances magnetic coupling under midrange transmis-
sion conditions. This enhancement reflects the impact of the
conductive medium on the magnetic field distribution and en-
ergy transfer characteristics between the coils.

4.2.2. 2RX System Mutual Complex Induction Acquisition

Unlike complex impedance, the complex mutual inductance
in the 2RX model shows notable differences compared to the
IRX model. As shown in Fig. 17, its magnitude increases
with frequency and remains consistently positive. However,
unlike the 1RX model, which exhibits a rapid increase in the
low-frequency region, the 2RX model demonstrates a slower
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growth at low frequencies, with the increase becoming more
pronounced in the high-frequency range.

A closer examination of the trends in the real and imaginary
parts of the complex mutual inductance, as illustrated in Fig. 18,
shows that the real part in the 2RX model exhibits a similar
trend to the magnitude. In the low-frequency region, the varia-
tion in the real part is minimal, but it gradually increases with
frequency and remains consistently positive throughout the fre-
quency range.

In contrast, the imaginary part shows a declining trend at high
frequencies and remains negative across the entire frequency
spectrum, indicating a persistent inductive loss behavior under
the 2RX configuration.

4.3. Load Voltage Prediction and Experimental Verification

4.3.1. Prediction of the Load Voltage at Seawater

To verify the accuracy of the complex impedance and complex
mutual inductance measured in the experiment, the calculated
complex impedance and complex mutual inductance are sub-
stituted into the original circuit model equation to predict the
load-end voltage, which is then compared with the actual load
voltage measured in the experiment. As shown in Fig. 19, the
calculated prediction results and the experimental measurement
values show good agreement at an intermediate transmission
distance (approximately 30 cm).
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4.3.2. Load Voltage Prediction of the 2RX System at Variable Balancing
Resistor R

Experimental results indicate that the 2RX system achieves
higher transmission efficiency than the 1RX configuration un-
der midrange conditions in seawater. However, due to the use
of a symmetrical circuit — specifically, the addition of a bal-
ancing resistor Rp on the primary side — the overall system
efficiency remains relatively low. In practical applications, the
value of the balancing resistor should be minimized to enhance
energy transfer performance.

By varying the value of the primary-side balancing resis-
tor, a noticeable improvement in efficiency was observed [24].
Specifically, when Rp was reduced from 20 €2 to 1 €, the max-
imum efficiency increased from approximately 12% to about
25%. In addition, the predicted load voltage based on the pro-
posed complex impedance and mutual inductance model shows
good agreement with the experimental results, as illustrated in
Fig. 20.

4.4. Efficiency Improvement Explanation

As introduced in Section 2, the parameter « is used to charac-
terize the improvement in transmission efficiency. A larger «
corresponds to higher efficiency.

For the 2RX WPT system, the primary and secondary side
currents can be calculated using Equation (10) and are ex-
pressed as follows:

I' _ Uin(Z2+AZy+AZ3)
V= WOPMZ, (2, +AZ1)(Z,+ A Z>+ A7)
— in T 18
DAL+ g SR Ry (18)
I, = wMseaUin
27 WBMZ, H(Z,+AZ1)(Zyt AZ2+AZ3)
Accordingly, the parameter aprx can be calculated.

Similarly, ajrx can also be obtained. Based on the ratio
aorx/arx > 2.07, with a maximum value of approximately
21.23, it can be concluded that the underwater 2RX system
achieves significantly higher transmission efficiency than the
1RX configuration.
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4.5. Resonant Frequency Shift Analysis

As shown in Fig. 9, experimental results indicate that in a sea-
water environment, the frequency corresponding to the maxi-
mum load voltage of the 2RX system shifts leftward to approx-
imately 420 kHz compared to that in air [25].

In Section 3, the overall input impedance of the system,
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(wMi2+Mi3)*?
Za

including the reflected impedance Z,y

is derived by calculating the primary and secondary
side currents. The input impedance in air and seawa-
. M M 2
ter is denoted as Zm_air:Zl_ai,—l—&ZZl;,;S)) and
WMsea 2
Zin_sea = Zl_sea + ngrTer)AZg, Zl_ai'r and Zl_sea are
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shown in formula (2) and formula (11) respectively.

As previously discussed, the efficiency reaches its maximum
when the current ratio «v is maximized. Similarly, the load volt-
age also reaches its peak when the system’s input impedance is
minimized. In the 2RX configuration with a 20 {2 balancing
resistor, the input impedance of the system in both air and sea-
water is shown in Fig. 21.

In air, the system’s self-inductance and compensation ca-
pacitance remain constant, resulting in a fixed resonant fre-
quency, which can be theoretically calculated using theformula
f= \/Llici(l = 1,2). Based on this calculation, the resonant

frequency corresponding to the maximum load voltage of the
2RX system in air is approximately 460 kHz. This theoretical
value shows good agreement with the frequency at which the
input impedance reaches its minimum, and the imaginary part
of the input impedance becomes zero, as illustrated in Fig. 21.

In seawater, however, due to the medium’s unique electri-
cal properties, the resulting input reactance reaches zero near
420 kHz, indicating a shift in the resonant frequency. Simi-
larly, as shown in Fig. 21, the resonant frequency in seawater
also occurs near 420 kHz when the input impedance reaches its
minimum and its imaginary part becomes zero. This observa-
tion aligns well with the analysis in air and explains the leftward
shift of the maximum load voltage frequency in the seawater
environment.

5. SUMMARY

In this paper, the transfer characteristics of 1TX2RX WPT sys-

tems in seawater have been systematically investigated, with

comparative analysis against the I TX1RX configuration. By

introducing complex impedance and complex mutual induc-

tance into the theoretical model, the key influence of the sea-

water environment on transmission performance is clarified.
The main conclusions are as follows:

(1) Enhanced transmission performance:

The 1TX-2RX system demonstrates higher load voltage
and transmission efficiency at a midrange transmission
distance of 30 cm compared with the 1TX-1RX system.
Moreover, it maintains stable operation under coil mis-
alignment, showing superior robustness in seawater con-
ditions.

2

Accurate modeling with complex parameters:

A circuit model incorporating complex impedance and
complex mutual inductance is proposed. The predicted
load voltage matches well with experimental results, con-
firming the model’s validity for seawater WPT analysis.

3)

Distinct frequency response of multi-receiver systems:

Compared with the IRX configuration, the 2RX system
exhibits unique frequency response characteristics. The
complex mutual inductance increases more significantly,
highlighting the potential advantages of multi-coil systems
in complex media.
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This research provides both theoretical insights and exper-
imental evidence for marine wireless energy replenishment
and intelligent underwater device power supply. Future work
will focus on combining electromagnetic field simulations and
transmission channel modeling to further reveal the coupling
mechanisms of underwater WPT in complex media.
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