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Abstract 

For the Wireless Power Transfer (WPT) system, the impedance Matching (IM) is the technique in which a wide range 
of resonant and strong coupling structures have been studied which mostly operate at an ideal parameter, i.e., resistive 
load and high RF greater than1MHz, however these parameters have some limitations in which the most important is 
that the high frequency is usually inefficient and complex load.  This paper presents an L-section matching network to 
find the ideal load and source conditions. Thus, under the normal load and source conditions, we estimate the maximum 
power transfer efficiency and describe how to configure the matching network for the given load and source conditions 
for low-frequency WPT system. The L-section matching network to connect to a WPT structure using air-core spiral 
coils. The following configuration of network can operate at a low frequency of 20 kHz. From the calculation the 
moderate efficiency is 67 % while the efficiency from the experiment is 60 % at 9-cm transfer distance without an ideal 
parameter. The applications of the proposed work are suitable for underwater electric vehicles. Since the eddy current 
loss of seawater is critical when the operating frequency is higher than 250 kHz. 
 
Keywords: impedance matching, Low-frequency wireless power transfer, L-section matching network, wireless power 
transfer system for underwater electric vehicles. 
 

1. INTRODUCTION 

Wireless power transfer based on magnetic resonant 
coupling appears to be difficult for commercial 
applications until the last few years (Shinohara et al., 
2017, Li et al., 2015). Nowadays the common form of 
WPT mainly consists of three ways, radio waves or 
microwaves, inductive coupling or inductive power 
transmission and electromagnetic resonant coupling. It 
has been widely used in many applications as highlighted 
in Fig.1. 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1 WPT categories and structures (Jang et al., 2016). 

 
For an efficient power transmission, WPT should 

fulfill three conditions: (a) high power, (b) large air gap, 
and (c) high efficiency (Li et al., 2015). The efficiency of 
WPT system also depends on WPT techniques. Transfer 
efficiencies of different WPT techniques for both near 
and far region, 70 % to 90 % transfer efficiency can be 
achieved through inductive coupling while magnetic 
resonance coupling offers a moderate efficiency of 40% 
to 60%. These transfer efficiencies decay with distance. 
Especially, in the underwater environment, WPT 
technology solves the problem of wet plugging and the 
unplugging of underwater energy supply and provides a 
safer method for the rapid charging of autonomous 
underwater vehicles (AUVs) (Zhang et al., 2016, Yan et 
al., 2019, Kim et al., 2019, Dou et al., 2019) and 
unmanned underwater vehicles (UUVs). Therefore, in 
view of the widespread application of underwater WPT 
technology, it is of great research significance to improve 
its energy transmission efficiency. 

The WPT system in the air uses one or more pairs of 
induction coils. The alternating current (AC) of the 
primary-side coil generates the induced alternating 
current (AC) in the coupled secondary-side coil, and then 
the direct current (DC) is generated through rectification 
to complete the power supply to the equipment. The 
process of underwater WPT is similar to that in the air, 
but the medium in the transmission area changes from air 
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to seawater. There are various challenges for underwater     
WPT summarized here. 1. What is the effect of high 
conducting water medium on electrical parameters of 
WPT system? 2. How coil radiation resistance is affected 
by seawater? 3. What are the main losses incurred and 
how to minimize these losses? 4. If any loss is highly 
dependent of frequency then how to select an operating 
frequency to achieve an efficient wireless power 
transmission (Syed et al., 2020) 

Therefore, the underwater WPT process considered in 
this paper is to solve the third and fourth challenges. Since 
for underwater, the coupling characteristics between the 
coils have changed, and the changed magnetic field will 
generate eddy current in the seawater, which brings new 
energy loss, namely, eddy current loss. From (Shi et al., 
2014), they analyzed various losses in underwater WPT 
systems, including copper loss, semiconductor loss, core 
loss, and eddy current loss by using circuit analysis and 
electromagnetic field (EMF) simulation. 
     In this paper, we focused to reduce eddy current loss. 
In order to reduce the eddy current loss of underwater 
WPT systems, several researchers have studied it. From 
(Zhang et al., 2018), they analyzed some factors that 
affect the eddy current loss of underwater charging 
systems, and used EMF simulation software to optimize 
the number of coils turns on the primary side and the 
secondary side and the frequency of the AC source, 
thereby reducing the eddy current loss, and also designed 
experiments to verify optimization results.  From (Zhang 
et al., 2019), they presented a new coil structure, taking 
advantage of two primary-side coils placed 
symmetrically adjacent to each side of the secondary-side 
coil to reduce the eddy current loss of WPT systems for 
underwater vehicles. 

Seawater medium is a good electromagnetic 
conductor. At a low electromagnetic frequency, since it 
satisfies the loss tangent, 𝜎∕(𝜔 ⋅ 𝜀) >> 1. The expressions 
for the seawater attenuation constant and phase constant 
can be simplified as follows: 𝛼 ≈ 𝛽 ≈ √f𝜋𝜇𝜎 = 0.004√f. 
The attenuation constant is not only related to the 
conductivity, permeability and dielectric constant of the 
seawater medium, but also closely related to the 
frequency of the electromagnetic wave. The attenuation 
is positively correlated with frequency, and this is more 
obvious in the high-frequency range. Therefore, it is 
given that the eddy current loss is caused by 
electromagnetic wave transmission in seawater medium, 
it can be reduced by controlling the transmission 
frequency to achieve efficient energy transmission. 
    A remarkable innovation of non-radiated wireless 
power transfer (WPT) system using strongly magnetic 
resonant coupling has been observed in recent years, and 
due to its operating range and efficiency, it has shown 
more prospects for powering devices (Shinohara et al., 
2017, Jang et al., 2016, Choi et al., 2015, Li et al., 2016). 
Because the magnetic field weakly interacts with other 
objects in the surrounding environment, the resonant 
circuits are used to improve the efficiency (Shinohara           

et al., 2017). Nowadays, most of the WPT structures are 
usually presented the two-coil Series Resonance (SR) and 
strong coupling (MIT team) models as shown in Fig. 2 (a) 
- (b) (Shinohara et al., 2017, Jang et al., 2016, Choi et al., 
2015, Li et al., 2016, Zhang et al., 2016, Yan et al., 2019, 
Kim et al., 2019). These structures can be achieved the 
high transfer distance at high frequency as shown in Fig. 
2 (c), the transfer distance of 56 cm is achieved at 5.26 
MHz with 36 % efficiency. 
 
 
 
 

 

 
 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 (a) The two-coil SR structure (Zhang et al., 2014c). (b) The 
strong coupling structure (Zhang, et al., 2014b) (c) The two-coil SR 
structure of the ten-tum at the transfer distance of 56 cm shows the 

high efficiency at about 5.26 MHz (Yan et al., 2019). 

 
The Impedance Matching (IM) condition in Fig. 2 (a) 

- (b) is achieved by using an optimal parameter (usually 
either load or transfer distance) for improving the 
efficiency. However, an optimal parameter is a fixed 
value that limits the design, so this issue can be solved by 
using L-section matching networks as shown in Fig. 3. 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 The IM circuit is connected to the two-coil SR structure 

at 13.56 MHz frequency operation (Beh et al., 2013). 
 
As shown in Fig. 3, they proposed the high frequency 

operation at 13.56 MHz for obtaining the high transfer 
distance and efficiency. Unfortunately, the high -
frequency RF sources are usually inefficient (Zhang et al., 
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2014, Zhang et al., 2014, Zhang et al., 2014), and the 
high-frequency operation causes eddy current loss for 
underwater media, electromagnetic interference, tissue 
absorption, etc. (Hui et al., 2014, Zhang et al., 2014, 
Zhang et al., 2014, Zhang et al., 2014, Jolani et al., 2014). 

From (Wang et al., 2022), the simulation results of a 
single-plane coil using electromagnetic field simulation 
software are shown in the Fig. 4 - 6. Fig. 7 shows the AC 
resistance and eddy current loss resistance of the planar 
coil in the air and seawater, respectively. Fig. 8 and 9 
show the comparison of its electric field intensity 
modulus and phase angle under different frequency 
excitations. It can be seen from the results as shown in the 
figures below that in the air medium, the eddy current loss 
resistance is always zero, while in the seawater medium, 
with the increase in frequency, the eddy current loss 
resistance increases rapidly. However, with the low 
frequency under 100 kHz, the eddy current loss 
resistance, the electric field intensity modulus and phase 
angle under different frequency excitations do not affect 
the underwater WPT system. 

 
Figure 4 Variation of AC resistance and eddy current loss resistance 

with frequency. 

 
Figure 5 Modulus of electric field intensity generated by planar coil in 

the (a) radial direction (b) axial direction. 
 

 
Figure 6 Phase of electric field intensity generated by planar coil in  

(a) radial direction (b) axial direction. 

Thus, in this work, we propose a low-frequency WPT 
by a secondary capacitor (C2) to parallel to the secondary 
coil as shown in Fig. 4, because of the high-quality factor 
(QParallel = RL/ωL2) at a low-frequency operation (Ahn 
et al., 2015). And spiral circular coils are applied for a 
planar WPT. The result of the L-section circuit is used in 
this WPT because its resistive losses are less than the 
resistive losses of π- and T-section circuits (Pozar et al., 
2012). Finally, we also show the resistive losses of two 
coils in the equivalent circuit because these values are the 
important factors which determine the efficiency of the 
WPT. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7 The proposed structure. 

 
2. ELECTRICAL PARAMETERS 

To start the design of the proposed structure, the 
electrical parameters of the two-coil side in Fig. 7 must 
be calculated. Let rout, rin, w, s, z, and N are the outer 
radius of the coil, the inner radius of the coil, a diameter 
of the conductor, line separation, transfer distance, 
and a number of turns. The equivalent circuit of Fig. 
7 can be shown in Fig. 8. ZL is a complex load (RL + 
jXL). 

The resistances (R1 and R2), the mutual inductance 
(M), the self-inductance (L1 and L2), and the secondary 
capacitance (C2) are described below. 

1. R1 and R2 can be calculated from Eq. (1) (Hui et al., 
2014) 

𝑅ଵ,ଶ =
𝜌𝑙

𝜋(𝑤 2⁄ )ଶ

𝑤

2𝛿 ቀ1 − 𝑒ି
୵
ఋ ቁ

                         (1) 

Where δ is the skin depth, δ = √(ρ/πµ0f), ρ is the resistivity 
of copper (1.68×10−8 Ω.m), µ0 is the free space 
permeability constant (4π×10−7 H·m−1), and l is the length 
of the conductor, l = πN(2rin + wN - w). 
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2. M can be calculated as shown below. (Raju et al., 
2014) 

𝑀 = ൬
4

𝜋
൰

ଶ

෍ ෍ 𝑀௜௝

௝ୀ୒౩

௝ୀଵ

௜ୀ୒೛

௜ୀଵ

                             (2) 

 
Where Np is number of primary turns and Ns is number of 
secondary turns; 

𝑀௜௝ =
𝜇଴𝜋𝑎௜

ଶ𝑏௝
ଶ

2൫𝑎௜
ଶ + 𝑏௝

ଶ + 𝑧ଶ൯
ଷ
ଶ

… 

                     … ൮
1 +

15

32
𝛾௜௝

ଶ +
315

1024
𝛾௜௝

ସ

+
15015

65536
𝛾௜௝

଺

൲ (3) 

 

𝑎௜ = 𝑟௢௨௧_௣ − (𝑖 − 1)൫𝑤௣ + 𝑠௣൯ −
𝑤௣

2
    (4) 

𝑏௝ = 𝑟௢௨௧_௦ − (𝑗 − 1)(𝑤௦ + 𝑠௦) −
𝑤௦

2
       (5) 

𝛾௜௝ =
2𝑎௜𝑏௝

𝑎௜
ଶ + 𝑏௝

ଶ + 𝑧ଶ
                        (6) 

3. L1 and L2 are obtained as shown in Eq. (7). (Mohan et 
al., 1999) 

𝐿 =
𝜇଴𝑁ଶ(𝑟௢௨௧ + 𝑟௜௡)

2
൤ln ൬

2.46

𝜑
൰ + 0.2𝜑ଶ൨  (7) 

𝜑 =
𝑟௢௨௧ − 𝑟௜௡

𝑟௢௨௧ + 𝑟௜௡

                      (8) 

4. C2 is calculated as shown in Eq. (9) to maximize the 
load voltage.  

𝐶ଶ =
1

𝐿ଶ𝜔ଶ
                          (9) 

 

The electrical parameters as stated above are used to 
calculate the reflected impedance ZP as shown in Eq. (10). 

𝑍௉ = 𝛼 + 𝑗𝛽                 (10) 

Where, 

𝛼 = 𝑅ଵ +
𝜔ଶ𝑀ଶ(𝑅ଶ + 𝑌)

𝐴
        (11) 

𝛽 = 𝜔𝐿ଵ − [
ఠమெమ

஺
… 

…
൬𝜔𝐿ଶ − 𝜔𝐶ଶ𝑅௅𝑌 +

(𝑋௅ − 𝜔𝐶ଶ𝑋௅
ଶ)𝑌

𝑅௅
൰

𝐴
]  (12) 

𝐴 = (𝑅ଶ + 𝑌)ଶ + ⋯ 

… ቆ𝜔𝐿ଶ − 𝜔𝐶ଶ𝑅௅𝑌 +
(𝑋௅ − 𝜔𝐶ଶ𝑋௅

ଶ)𝑌

𝑅௅

ቇ

ଶ

(13) 

𝑌 =
𝑅௅

(1 − 𝜔𝐶ଶ𝑋௅)ଶ + 𝜔ଶ𝐶ଶ
ଶ𝑅௅

ଶ           (14) 

 
 
 

 
 

 
 
 
 

Figure 8 The equivalent circuit of the proposed structure. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9 The two possible L-section matching circuits (a) Network 
Zp/Zs inside the 1+jx circle. (b) Network for Zp/Zs outside the 1+jx 

circle. (c) The impedance 1+jx circle on the Smith chart. 
 

3.THEORY 

From Fig. 8, the IM condition (Zs
*- Zin = 0) is 

commonly used to maximize the input power. The 
intrinsic impedance of the RF source is defined as Zs. The 
circuit of Fig. 8 can be presented as two possible 
matching circuits as shown in Fig.9(a) and 9(b). 

Accordingly, a suitable circuit must be selected and then 
a reactance X and a susceptance (B) for achieving the IM 
condition are calculated (Zhang et al., 2014). Firstly, we 
calculate the normalized reflected impedance zp (Zp/Zs). If 
zp is inside the 1+jx circle on the Smith chart of Fig. 9(c), 
then the circuit of Fig. 9(a) is used. 
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𝑋 =
1

𝐵
+

𝛽𝑍௦

𝛼
−

𝑍௦

𝐵𝛼
             (15) 

𝐵 =
𝛽 ± ඥ𝛼 𝑍௦⁄ ඥ𝛼ଶ + 𝛽ଶ − 𝛼𝑍௦

𝛼ଶ + 𝛽ଶ
  (16) 

Also, if zp is outside the 1+jx circle on the Smith chart of 
Fig. 9(c), then the circuit of Fig. 9(b) is used. 

𝑋 = ±ඥ𝛼(𝑍௦ − 𝛼) − 𝛽        (17) 

𝐵 = ±
1

𝑍௦

ඥ(𝑍௦ − 𝛼) 𝛼⁄          (18) 

From Eq. (15) to (18), a positive X implies an inductor 
and a negative X implies a capacitor, while a positive B 
implies a capacitor and a negative B implies an inductor 
(Pozar et al., 2012). 

To demonstrate the design processes clearly, the 
design is summarized as the flowchart as show in Fig. 10. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 10 Flowchart of design. 

 
             4. CALCULATION AND EXPERIMENT 

In this section, the physical parameters as shown in 
Fig. 7 are required as follows: z = 9 cm, rout_p = rout_s = 8 
cm, rin_p = rin_s = 6.5 cm, wp = ws = 1 mm, sp = ss = 0.2 
mm, and Np = Ns = 10 turns. The RF source voltage is set 
to be 20 V with the intrinsic impedance Zs = 50 Ω, and 
the operating frequency is set to be 20 kHz because the 
RF source is efficient. A load is assumed to be 25 Ω. The 
calculated electrical parameters using Eq. (1) - (10) are 
shown in Table 1. 

The normalized reflected impedance zp is outside the 
1+jx circle on the Smith chart, so the circuit of Fig. 9(b) 
is used. Then, from Eq. (17) two reactances X are 
calculated as 1.8051 Ω and -8.9521 Ω, while two 

susceptances B are calculated as 0.1837 Ω-1 and - 0.1837 
Ω-1 by using Eq. (18). Next, the system has two matching 
circuits as shown in Fig.11(a) and 11(b), where the 
parameters of Fig.11(a)-11(b) are shown in table 2. 

 
Table 1 The electrical parameters 

 
Parameter Value 

L1 = L2 (µH) 28.89 
R1 = R2 (Ω) 0.11 
M (µH) 4.3733 
C2 (µF) 2.192 
Zp (Ω) 0.5854+j3.5735 
zp= Zp/ Zs (Ω) 0.0117+j0.0715 

              
Table 2 Parameters of the matching circuits 

 

Parameter Value 
Ls (µH) 14.365 
Cp (µF) 1.4622 
Lp (µH) 43.309 
Cs (µF) 0.89 

 

From Fig. 11(c), solution 1 is required to connect to the 
system because its bandwidth is significantly better than 
of the solution 2 (Pozar et al., 2012, Raju et al., 2014). 
Hence, an equivalent circuit of the design can be 
illustrated by Fig. 12. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11 Two matching circuits: (a) solution 1 (b) solution 2 (c) 
reflection coefficient magnitude |Г| versus frequency. 

 
 

 
 
 
 
 

Figure 12 An equivalent circuit model of the design.  
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The input impedance Zin of the system is calculated as 
50.02 Ω using (19) so that the system achieves the IM 
condition. Then Z- and ABCD-parameter matrices as 
shown in Eq. (20) - (21) are used. 

𝑍௜௡ = 𝑍ଵଵ −
𝑍ଵଶ𝑍ଶଵ

𝑍ଶଶ + 𝑍௅

         (19) 

Where, 

൤
𝑍ଵଵ 𝑍ଵଶ

𝑍ଶଵ 𝑍ଶଶ
൨ =

⎣
⎢
⎢
⎡
𝐴௔

𝐶௖

𝐴௔𝐷ௗ − 𝐵௕𝐶௖

𝐶௖

1

𝐶௖

𝐷ௗ

𝐶௖ ⎦
⎥
⎥
⎤

  (20) 

൤
𝐴௔ 𝐵௕

𝐶௖ 𝐷ௗ
൨ = ቈ

1 𝑗𝜔𝐿௣

𝑗𝜔𝐶௦ 1 − 𝜔ଶ𝐿௣𝐶௦
቉… 

… ቂ
1 𝑅ଵ + 𝑗𝜔𝐿ଵ

0 1
ቃ ቈ

0 −𝑗𝜔𝑀
ି௝

ఠெ
0

቉ … 

… ቂ
1 𝑅ଶ + 𝑗𝜔𝐿ଶ

0 1
ቃ ൤

1 0
𝑗𝜔𝐶ଶ 1

൨ (21) 

The efficiency of the system can be calculated as 67 % by 
using Eq. (22) (Pozar et al., 2005). 

𝜂 =
𝑅𝑒{𝑍௅}

𝑅𝑒{𝑍௜௡}
ฬ

𝑍ଶଵ

𝑍ଶଶ + 𝑍௅

ฬ
ଶ

∗ 100        (22) 

 
An experiment is conducted and set up according to the 
circuit in Fig. 12, which is illustrated in Fig. 13. 
 
Table 3 Current, voltage signal and efficiency 

 

 Iin (A) Zin (Ω) VL (V) η 
(%) 

Calculation 0.4∠0° 50∠0° 11.244∠-83° 67 
Experiment 0.41∠-3o 48.78∠3° 10.1∠-71° 60 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 13 Experimental setups with C2 ≈ 2.2 µF, ZL = 25 Ω, as well 
as CP ≈ 1.5 µF and LS ≈ 15 µH in the shield chassis, and η = 60 %. 

 

The input current and load voltage signals of the 
experiment are measured as shown in Table 3 and Fig. 14. 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 14 The measured Iin, Vin, and VL from the experiment. 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 15 The efficiency of the system versus the frequency. 

Fig. 15 shows a 3° phase shift between the input current 
and voltage, and the input impedance Zin is equal to 
48.78∠3o Ω. The experiment is approximately closed to 
the IM condition. This is due to the parasitic losses of the 
circuit and devices. Furthermore, the system is also 
conducted by varying the frequencies in the range from 5 
kHz to 10 MHz, while also maintain the IM condition as 
shown in Fig. 12. The maximum efficiency is equal to 74 
% at the frequency of 50 kHz. 

From the results and the circuit of Fig. 12, the proposed 
structure can operate at low frequencies which are less 
than the critical frequency of 250 kHz for underwater 
WPT system, while maintaining high efficiency (the 
maximum efficiency is 74 % at 50 kHz) without an 
optimal parameter. However, the transfer distance is in 
the short range of 9 cm so that it is easy to control the 
magnetic flux along the transfer distance. 

 
5. CONCLUSION 

Most of the WPT structures proposed are the SR 
structure and the strong coupling structures under the IM 
condition using an optimal parameter, but an optimal 
parameter (fixed value) limits the design. In addition, 
they operate at a high frequency of several MHz to GHz. 
Unfortunately, the high-frequency RF sources are usually 
inefficient and difficult to implement, and the high- 
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frequency operation is well-known to cause several 
problems, especially for the underwater WPT system. 
Therefore, to obtain low-frequency operation is the main 
goal of this paper while it is still maintaining the high 
efficiency and under the IM condition without an optimal 
parameter. To compare to the standard design approach, 
the efficiency of the matching networks designed by 
using the implemented approach is observed that the 
significant improvements for efficiency are possible. 
These improvements are validated by extensive 
simulations and experiment.  Lastly, in this paper, we 
show that the proposed structure can operate at a low 
frequency under the IM condition using L-section 
matching with high efficiency using parallel C2. In 
addition, the planar coils are a more effective candidate 
for a low-profile and small-footprint WPT system, 
especially the underwater WPT system.  
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