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This paper presents the optimized structure of the multi-relay coils insulator of WPT
system. With the rapid development of the smart grid, on-line monitoring devices in
the transmission tower have been widely used. However, the power supply problem
has become an important bottleneck in the development of transmission tower
intelligent sensing technology. Hence, the multi-relay coils wireless power transfer
technology has been proposed to supply for the tower monitoring equipment in this
paper. Compared with traditional multi-relay coils, the effects of the number,
arrangement position and turns of relay coils on the performance of WPT system
are further explored. The simulation results show that the operation performance of
WPT can be significantly improved by optimizing the coil arrangement position and
turns. Moreover, there are multiple configuration schemes that the design indexes of
the system could be achieved. The experiment results show that in the 110 kV high-
voltage transmission with the insulator length of 1.015 m, the transmitting power and
efficiency of theWPT system could be increased to 1.81 W and 60.11% respectively by
parameters optimization, which ensures the continuous and stable work of the
monitoring equipment.
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1 Introduction

With the development of smart grid, in order to improve the safe and stable operation level
of power grid, a great quantity of online monitoring equipment, such as temperature
monitoring, image and video monitoring, are deployed on high-voltage line towers. To
realize the reliable transmission of various status information of transmission towers, so as
to further improve the popularization and application of power grid digital technology. Due to
the harsh installation environment and green issues, the monitoring equipment on the tower
needs an independent and stable power supply for the maintenance-free. However, the power
requirements of various monitoring equipment are different. Therefore, with the continuous
improvement of online monitoring requirements for transmission towers, it is meaningful to
explore the reliable power supply method of monitoring equipment to ensure its long-term
reliable operation in the field.

At present, the power supply solutions for online monitoring equipment mainly include: 1)
traditional energy storage equipment such as chemistry batteries and UPS; 2) renewable energy
such as wind energy and solar energy; 3) laser and optical fiber, etc., but these methods are not
practical and economical (Zhou et al., 2022; Zhao et al., 2015); (Zhao et al., 2013). In recent
years, the combination of energy harvester andWireless Power Transfer (WPT) technology has

OPEN ACCESS

EDITED BY

Robert Cox,
University of North Carolina at Charlotte,
United States

REVIEWED BY

Yong Li,
Southwest Jiaotong University, China
Yanjie Guo,
Hebei University of Technology, China

*CORRESPONDENCE

Wei Wang,
61207@njnu.edu.cn

SPECIALTY SECTION

This article was submitted
to Industrial Electronics,
a section of the journal
Frontiers in Electronics

RECEIVED 01 September 2022
ACCEPTED 12 January 2023
PUBLISHED 26 January 2023

CITATION

Wang W, Duan M, Zeng Z, Liu H and Ji Z
(2023), Research on optimal coil
configuration scheme of insulator relay
WPT system.
Front. Electron. 4:1034082.
doi: 10.3389/felec.2023.1034082

COPYRIGHT

© 2023 Wang, Duan, Zeng, Liu and Ji. This
is an open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Electronics frontiersin.org01

TYPE Original Research
PUBLISHED 26 January 2023
DOI 10.3389/felec.2023.1034082

https://www.frontiersin.org/articles/10.3389/felec.2023.1034082/full
https://www.frontiersin.org/articles/10.3389/felec.2023.1034082/full
https://www.frontiersin.org/articles/10.3389/felec.2023.1034082/full
https://crossmark.crossref.org/dialog/?doi=10.3389/felec.2023.1034082&domain=pdf&date_stamp=2023-01-26
mailto:61207@njnu.edu.cn
mailto:61207@njnu.edu.cn
https://doi.org/10.3389/felec.2023.1034082
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/electronics
https://www.frontiersin.org
https://www.frontiersin.org/journals/electronics
https://www.frontiersin.org/journals/electronics#editorial-board
https://www.frontiersin.org/journals/electronics#editorial-board
https://doi.org/10.3389/felec.2023.1034082


provided a new power supply solution for power transmission tower
monitoring equipment, which has attracted more and more attention
from researchers (Huang et al., 2019; Jiang et al., 2021; Hou et al., 2021;
Wang et al., 2021). The WPT technology can extract electromagnetic
energy from power line by energy harvester, and transmit it to the low-
voltage side of the tower over a long distance to supply power to the
monitoring equipment. This method is not affected by the external
environment, and it is a reliable and stable power supply method for
online monitoring equipment. Meanwhile, the research on wireless
power supply of transmission towers mainly focuses on improving the
power taken bymagnetic field energy harvester (Wang et al., 2019; Yan
et al., 2022; Zeng et al., 2021), while there are relatively few researches
on the long-distance, efficient and stable transmission of energy from
transmission lines to monitoring equipment.

Cai et al. (2018) designed a new WPT system based on magnetic
resonance coupling for 110 kV transmission tower monitoring
equipment charging. The energy efficiency of the system does not
exceed 33%. Liu and Tan (2018) proposed to embed a single relay coil
inside the insulating pillar to realize wireless power supply of online
monitoring equipment, and studied the optimal installation position
of the relay coil, but there is no mention of the influence of the
introduction of the relay coil on the insulation performance of the
insulation strut. Zhang et al. (2017) proposed a 12-coils insulator
domino relayWPT system. The power supply distance of the system is
1.1 m, and the transmission efficiency is about 60%. However, the
internal resistance loss of the coil is large, and the system transmission
efficiency is low. Zhou et al. (2019) proposed to wind multiple relay
coils in a composite insulator shed, and the influence of the number of
coils and operating frequency on the transmission efficiency of the
system was further analyzed. However, the influence of the key
parameters of the coil, such as the arrangement position of the coil
and the number of coil turns, on the transmission performance of the
system is not analyzed. However (Wang et al., 2018; Sun et al., 2011),
the number of coils, the arrangement position and the number of turns
directly affect the coupling coefficient between the coils, which in turn
affects the transmission performance of the system.

In this paper, a novel wireless power transmission tower system
based on insulator structure is studied, and the relationship between
the energy transmission power and efficiency of the multi-relay coil
WPT system and the number of coils, arrangement position and
number of turns is analyzed. Under the circumstances of above-

mentioned transmission tower WPT system, through the design of
the coil arrangement position and the number of turns, it is analyzed
whether there is an optimal coil arrangement and the optimal number
of coil turns, so that the system can achieve the maximum energy
transmission efficiency while satisfying the load power. It provides a
reference for the parameter design of the actual transmission tower
WPT system.

2 Transmission tower online monitoring
equipment WPT systems

Figure 1 illustrates the structure of WPT system of the
transmission tower online monitoring equipment. The system is
mainly composed of energy harvester, power converter, multi-relay
coil and rectifier voltage regulator module. At present, the research on
energy harvester and energy converter is relatively mature. Hence, this
paper focuses on the part of multi-relay wireless power
transmission unit.

In this paper, a new energy transmission towerWPT system based on
insulators is proposed. The insulator is composed of connecting hardware,
umbrella skirt, etc. The umbrella skirt is made of integral injection
molding process, which is suitable for embedding the relay coil. The
new insulator structure can use ceramic insulators, glass insulators, etc., as
the carrier. In order to facilitate the system analysis, this paper adopts the
standard XWP2-70C suspension insulator, considering the voltage level
insulation requirements of 110 kV transmission towers, and 8 standard
insulators are connected in series. The size and structure are depicted in
Figure 2. Considering the unity of the resonant coil, this paper embeds the
resonant coil in a large-diameter insulating disk, which is easy to process
and install. On the diameter insulating disk, several relay coils are
embedded on the large-diameter insulating disk in the middle part.
②, ③, . . ., ⑦ marked in Figure 2 are the positions where the relay
coils can be embedded.

3 Theoretical principle analysis of WPT
system

The equivalent circuit model of the multi-relay coil WPT system is
shown in Figure 3. Here, Us refers to the equivalent high frequency

FIGURE 1
WPT system of transmission tower on-line monitoring equipment.

Frontiers in Electronics frontiersin.org02

Wang et al. 10.3389/felec.2023.1034082

https://www.frontiersin.org/journals/electronics
https://www.frontiersin.org
https://doi.org/10.3389/felec.2023.1034082


mains RMS for energy harvester and power converters. RL denotes the
equivalent load of receiver rectifier and monitoring equipment. Where
Ls, Cs, Rs represent the self-inductance, compensation capacitance and
equivalent internal resistance of the transmitting coil. Where Lr, Cr, Rr

represent the self-inductance, compensation capacitance and
equivalent internal resistance of the receiving coil,Li, Ci, Ri(i∈1,2,
. . . ,n) refers to the self-inductance, compensation capacitance and
equivalent internal resistance of relay coil I, Is

•
denotes transmitter

current; Ir
•

represents the current flowing through the load RL; Ii
•

denotes the current flowing through each relay coil i. Where Msi, Mir,
Mij(i≠j) represent the mutual inductance between the transmitting coil
and the relay coil i, the mutual inductance between the relay coil i and
the receiving coil, and the mutual inductance between the relay coil i
and j, respectively.

ω refers to the operating angular frequency of the system, and the
resonant frequency of each coil loop should be consistent, which can
be defined as

ω � 2πf � 1����
LsCs

√ � 1����
LiCi

√ � 1����
LrCr

√ , 1≤ i≤ n( ) (1)

The size of the transmitter coil, the relay coil and the receiver coil
are the same. To simplify the analysis, the internal resistance and self-
inductance of each coil can be regarded as equal. That is, Ls = Li = Lr =
L, Cs = Ci = Cr = C, Rs = Ri = Rr = R(1 ≤ i ≤ n), according to Kirchhoff’s

law andmutual inductance coupling theory, the loop equations of each
coil of the system are listed, which can be expressed as follows

Us

•

0
0
..
.

0
0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
�

Rs + jωLs + 1
jωCs

jωMs1 jωMs2 / jωMsn jωMsr

jωM1s R1 + jωL1 + 1
jωC1

jωM12 / jωM1n jωM1r

jωM2s jωM21 R2 + jωL2 + 1
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..

. ..
. ..

. ..
. ..

. ..
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jωMns jωMn 1 jωMn2 / Rn + jωLn + 1
jωCn

jωMnr

jωMrs jωMr1 jωMr2 / jωMrn Rr + jωLr + 1
jωCr

+ RL
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•

I1
•

I2
•

..

.

In
•

Ir
•
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(2)

The transmission efficiency η and transmission power PL of the
multi-relay coil WPT system can be expressed as

η � PL

Pin
� RL

Is
Ir

∣∣∣∣∣ ∣∣∣∣∣2R + I1
Ir

∣∣∣∣∣ ∣∣∣∣∣2R + I2
Ir

∣∣∣∣∣ ∣∣∣∣∣2R + . . . + In
Ir

∣∣∣∣∣ ∣∣∣∣∣2R + R + RL( )
(3)

PL � U2
s

Zin
η � U2

sη

R + ω2M2
s1

R+ ω2M2
12

/+ /

R+ω
2M2

nr
R+RL

(4)

Is, I1, I2, Ii (i = 1,2, . . . ,n), Ir denotes the effective value of current
flowing through each coil. Ignoring the influence of mutual inductance
between non-adjacent coils on system performance, the current ratios
Is/Ir and In/Ir can be obtained as

FIGURE 2
110 kV composite insulator embedded coil location diagram.

FIGURE 3
Equivalent circuit of multi-relay coil WPT system.
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In
Ir

∣∣∣∣∣∣∣ ∣∣∣∣∣∣∣ � R + RL

jωMnr
,
In−1
Ir

∣∣∣∣∣∣∣ ∣∣∣∣∣∣∣ �
In
Ir
R + jωMnr

jωM n−1( )n
//

I1
Ir

∣∣∣∣∣∣∣ ∣∣∣∣∣∣∣ �
I2
Ir
R + jωM23

I3
Ir

jωM12
,
Is
Ir

∣∣∣∣∣∣∣ ∣∣∣∣∣∣∣ �
I1
Ir
R + jωM12

I2
Ir

jωMs1

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(5)

Relevant studies have shown that when the transmission distance
exceeds 1 m, if the coil size and system frequency are limited, the
transmission power and efficiency of a single-relay coil or dual-relay
coil WPT system may not be able to meet the power supply
requirements of online monitoring equipment at the same time.
Furthermore, as shown in Figure 2, on the 110 kV insulator string,
the maximum number of relay coils that can be embedded is 6. Hence,
this paper studies the parameters of the WPT system with three-relay,
four-relay, five-relay and six-relay coils. First, the current ratios of the
three-relay coil WPT system are obtained by solving

I3
Ir

∣∣∣∣∣∣∣ ∣∣∣∣∣∣∣ � R + RL

jωM3r

I2
Ir

∣∣∣∣∣∣∣ ∣∣∣∣∣∣∣ � R + RL( )R + ω2M2
3r

ω2M23M3r

I1
Ir

∣∣∣∣∣∣∣ ∣∣∣∣∣∣∣ � R + RL( )R2 + ω2M2
3rR + ω2M2

23 R + RL( )
jω3M12M23M3r

Is
Ir

∣∣∣∣∣∣∣ ∣∣∣∣∣∣∣ � R + RL( )R3 + ω2M2
3rR

2 + ω2M2
23 R + RL( )R + ω2M2

12 R + RL( )R + ω2M2
3r[ ]

ω4Ms1M12M23M3r

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(6)

Eq. 6 shows that the expressions of each current ratio are
complicated, so we need to simplify it. In this paper, the system
parameters are designed: R≪RL, (R + RL)R≪ω2M2

3r. Therefore,
ignoring the small order of magnitude part, the simplified
expression of Eq. 6 is calculated as

I3
Ir

∣∣∣∣∣∣∣ ∣∣∣∣∣∣∣ � RL

jωM3r
,

I2
Ir

∣∣∣∣∣∣∣ ∣∣∣∣∣∣∣ � M3r

M23

I1
Ir

∣∣∣∣∣∣∣ ∣∣∣∣∣∣∣ � M23RL

jωM12M3r
,
Is
Ir

∣∣∣∣∣∣∣ ∣∣∣∣∣∣∣ � M12M3r

Ms1M23

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩ (7)

In the same way, the current ratios of other multi-relay coil WPT
systems can be obtained, and then substituting into Eq. 3, the
transmission efficiency expressions of three-relay, four-relay, five-
relay and six-relay coil WPT systems can be obtained as shown in
Eq. 8, the system transmission power can be obtained from Eq. 4

η3 �
RL

M12M3r

Ms1M23

∣∣∣∣∣∣∣ ∣∣∣∣∣∣∣2R + M23RL

jωM12M3r

∣∣∣∣∣∣∣∣
∣∣∣∣∣∣∣∣2R + M3r

M23

∣∣∣∣∣∣∣ ∣∣∣∣∣∣∣2R + RL

jωM3r

∣∣∣∣∣∣∣∣
∣∣∣∣∣∣∣∣2R + R + RL

η4 �
RL

M12M34RL

jωMs1M23M4r

∣∣∣∣∣∣∣∣
∣∣∣∣∣∣∣∣2R + M23M4r

M12M34

∣∣∣∣∣∣∣ ∣∣∣∣∣∣∣2R + M34RL

jωM23M4r

∣∣∣∣∣∣∣∣
∣∣∣∣∣∣∣∣2R + M4r

M34

∣∣∣∣∣∣∣ ∣∣∣∣∣∣∣2R + RL

jωM4r

∣∣∣∣∣∣∣∣
∣∣∣∣∣∣∣∣2R + R + RL

η5 �
RL

M12M34M5r

Ms1M23M45

∣∣∣∣∣∣∣ ∣∣∣∣∣∣∣2R + M23M45RL

jωM12M34M5r

∣∣∣∣∣∣∣∣
∣∣∣∣∣∣∣∣2R + M34M5r
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∣∣∣∣∣∣∣ ∣∣∣∣∣∣∣2R + M45RL

jωM34M5r

∣∣∣∣∣∣∣∣
∣∣∣∣∣∣∣∣2R + M5r

M45

∣∣∣∣∣∣∣ ∣∣∣∣∣∣∣2R + RL

jωM5r

∣∣∣∣∣∣∣∣
∣∣∣∣∣∣∣∣2R + R + RL

η6 �
RL

M12M34M56RL

jωMs1M23M45M6r

∣∣∣∣∣∣∣∣
∣∣∣∣∣∣∣∣2R + M23M45M6r

M12M34M56

∣∣∣∣∣∣∣ ∣∣∣∣∣∣∣2R + M34M56RL

jωM23M45M6r

∣∣∣∣∣∣∣∣
∣∣∣∣∣∣∣∣2R + M45M6r

M34M56

∣∣∣∣∣∣∣ ∣∣∣∣∣∣∣2R + M56RL

jωM45M6r

∣∣∣∣∣∣∣∣
∣∣∣∣∣∣∣∣2R + M6r

M56

∣∣∣∣∣∣∣ ∣∣∣∣∣∣∣2R + RL

jωM6r

∣∣∣∣∣∣∣∣
∣∣∣∣∣∣∣∣2R + R + RL

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(8)

When the coil size is the same, the mutual inductance between two
coaxial circular helical coils can be expressed by Eq. 9

TABLE 1 System parameters.

Parameter Symbol Value Parameter Symbol Value

Input voltage Us 20 V Coil diameter D 258 mm

load resistance RL 5 Ω coil material — lize-0.1p80 mm

working frequency F 300 kHz Coil internal resistance R Varies with the number of turns

Transmission distance dsr 1015 mm Coil diameter a 1.23 mm

Coil turns N 1–16

FIGURE 4
The performance of the three-relay coil WPT system varies with N or position.
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Mij � N2μ0
4π

∫2π

0
dφ∫2π

0

r2 cos θ − φ( )dθ�������������������������������������
r cos θ − r cosφ( )2 + r sin θ − r sinφ( )2 + dij

2
√

(9)
The equivalent internal resistance of the coil can be approximated

by the following equation.

R �
����
ωμ0
2σ

√
Nr

a
(10)

Where, N, r represent the number of coil turns and the coil radius, θ
and ϕ represent the integral molecules, dij denotes the spacing
between coil i and coil j, μ0, a, σ denote the vacuum coefficient, the
diameter of the hollow wire and the electrical conductivity.
Where, μ0 = 4π×10−7 H/m, and the electrical conductivity of
copper is σ = 5.8 S/m × 107 S/m. According to the above
equation, it can be seen that the transmission power and
transmission efficiency of the system are directly affected by
the mutual inductance between the coils and the internal
resistance of the coils. The mutual inductance between each
coil is affected by the number of coil turns N and the distance
between each coil dij, and the number of coil turns N also affects
the internal resistance of the coil, which in turn directly affects the
transmission power and efficiency of the system.

In this paper, the multi-relay coil WPT system based on the
insulator string shown in Figure 2 is studied (By introducing
multi-relay coils in the insulator string, the optimal coil
arrangement position and the number of coil turns of the
system are analyzed, so as to meet the power requirements of
the monitoring equipment, while the transmission efficiency is
maximum). When multi-relay coils are introduced into the
insulator string, the optimal coil arrangement position and the
number of coil turns under the maximum transmission efficiency
of the system are analyzed, and the system power meets the
requirements of monitoring equipment. In this paper,
0.1*80 mm Litz wire is used. Taking the firmness of the
embedded coil and the thickness of the insulator disk into
consideration, the number of turns of the coil should not
exceed 16. Meanwhile, considering the firmness of the
externally embedded coil, the diameter of the externally
embedded coil is slightly larger than the diameter of the
insulating disc, which is 258 mm. At the same time, due to the
limitation of the actual length of the insulator string, there are
certain restrictions on the number and arrangement of the
embedded coils, which cannot be placed at will. This point
needs to be considered when arranging the coil positions. The
system parameters have the following constraints

FIGURE 5
The performance of the four-relay coil WPT system varies with N or position.

TABLE 2 Parameters of the system when the coils are arranged in different position.

Serial number Arrange position PLmax/W N ηmax(%) N

1 ①②③④⑤⑥⑧ 2.06 9 70.62 25

2 ①②③④⑤⑦⑧ 11.09 6 12.28 7

3 ①②③④⑥⑦⑧ 1.87 8 62.29 21

4 ①②③⑤⑥⑦⑧ 12.68 7 13.27 9

5 ①②④⑤⑥⑦⑧ 1.78 6 58.93 16

6 ①③④⑤⑥⑦⑧ 16.71 9 15.58 11
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f N, ds1, d12, d23,/, d n−1( )n, dnr( )≥PL0

g N, ds1, d12, d23,/, d n−1( )n, dnr( )≥ η0
ds1 + d12 + d23 +/ + d n−1( )n + dnr � dsr

ds1, d12, d23,/, d n−1( )n, dnr{ } � 145mmpk, k � 1, 2, 3,/
3≤ n≤ 6
1≤N≤ 16

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩
(11)

Where, dsr denotes the total transmission distance, PL0 represents the
minimum transmission power required by the online monitoring

equipment, and η0 represents the minimum transmission efficiency
that the systemmeets. The monitoring equipment on the transmission
tower mainly includes temperature monitoring, tower tilt monitoring,
etc. The power supply of monitoring sensor is small. Therefore, this
paper takes the minimum transmission power PL0 = 1.5 W and the
minimum transmission efficiency η0 = 40% as the goal, and seeks the
system optimization parameters when the system transmission
efficiency is maximum.

FIGURE 6
The performance of the five-relay coil WPT system varies with N or position.

FIGURE 7
The performance of the six-relay coil WPT system varies with N or position.
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Substitute Eqs 9, 10 into Eqs 4, 8. Under the restriction condition
as Eq. 11 described, With the help of MTALAB simulation software,
the influence of changes of coil turns and arrangement position on
transmission power and efficiency ofWPT system with each trunk coil
is discussed. Table 1 lists the key system parameters.

4 Parameter optimization simulation
analysis of WPT system

4.1 Three-relay and four-relay coil WPT
system parameter optimization

As shown in Figure 2, considering the actual position of the coil on
the insulator string, fix the transmitting coil and the receiving coil on
the head and end of the insulating disk, and embed 3 relay coils on the
6 insulating disks in the middle. There are various arrangements for
the nesting of repeater coils. Figure 4 shows the performance of the
three-relay coil WPT system changes with the number of coil turns or
position, where {①②④⑥⑧} indicates the coil positions are: {ds1 =
145 mm, d12 = 290 mm, d23 = 290 mm, d3r = 290 m}. The distances
indicate that the coils are embedded on the first, second, fourth, sixth
and eighth insulator disks as shown in Figure 2. As shown in Figure 4,
when the coil position is {①②④⑥⑧}, the transmission power of the
system increases first and then decreases with the increase of the
number of coil turns N, indicating that the larger N is, the better the
system performance is. At the same time, the corresponding

transmission performance varies greatly when the positions are
arranged. As shown in Figure 4, there are various coil
arrangements that satisfy the optimization conditions. On this
basis, in order to meet the power demand and transmission
efficiency, it can be obtained that when the coil arrangement
position is {①②④⑥⑧}, when N = 15, the efficiency can reach
59.78% and the power is 1.56 W, which is the optimal system
parameter configuration for the three-relay WPT system.

The following continues to study the system power and efficiency
of different arrangements of four-relay coils. In the four-coil
WPT system, when the arrangement is {①②③④⑤⑧,
①②④⑤⑦⑧}, the transmission power and efficiency of the
system are very low. Therefore, this paper will no longer
explain these arrangements, and only analyze in detail the
arrangements with better system transmission power and
efficiency performance. As shown in Figure 5, the performance
of the four-relay coil WPT system varies with the number of turns
N under some different coil arrangement positions. When N <
9 or N > 16 the condition of the system optimization objective
cannot be satisfied under any arrangement. When arranging the
positions {①②③④⑥⑧} and {①②④⑥⑦⑧}, the transmission
power and efficiency curves of the two are almost the same. When
the arrangement position is {①②③④⑥⑧} and N = 15, PL =
1.52W, η = 59.19%; When the arrangement position is
{①②④⑥⑦⑧} and N = 14, PL = 1.84W, η = 58.28%, both
schemes satisfy the system optimization objective.

4.2 Five-relay and six-relay coil WPT system
parameter optimization

When the number of relay coils is 5, there are 6 possible
arrangements. The parameters of the system when the coils are
arranged in different positions are listed in Table 2.

As shown in Table 2, when the arrangement mode is number 1, the
optimal power value is PLmax = 2.06W, and the corresponding number of
turns is 9. The optimal value of efficiency is ηmax = 70.62%, and the
correspondingnumber of turns isN=25. In the arrangementmode 2, 4 and
6, the maximum transmission power can reach more than 10W, but the
maximum transmission efficiency is less than 20%, which is not an ideal
arrangement. However, in the arrangement of 1, 3 and 5, the maximum

TABLE 3 Optimal parameter configurations under different numbers of relay
coils.

Serial number n Coil arrangement position N

1 3 ①②④⑥⑧ 15

2 4 ①②③④⑥⑧ 15

3 4 ①②④⑥⑦⑧ 14

4 5 ①②③④⑤⑥⑧ 15

5 6 ①②③④⑤⑥⑦⑧ 12

6 6 ①②③④⑤⑥⑦⑧ 8

FIGURE 8
System performance under different methods.
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transmission power can reach more than 1.5W, and the maximum
transmission efficiency can also reach more than 55%, but the
corresponding turns are not the same value. Therefore, we continue to
discuss the optimization scheme of system parameter configuration that
simultaneously meets the load power demand and transmission efficiency.
As shown in Figure 6, the simulation obtains the variation curve of the
performance of the five-relayWPT system with the number of turns under
the arrangement 1, 3, and 5. There are various configuration schemes such
that both transmission power and efficiency meet the minimum

requirements. In summary, when the coil arrangement position of the
system is {①②③④⑤⑥⑧} and the number of turns N = 15, the system
transmission performance is optimal. At this time, the transmission power
is 1.93W and the transmission efficiency is 61.27%.

When the number of relay coils is 6, there is only one arrangement
of coil positions. Figure 7 shows the variation of the performance of the six-
relay coil WPT system with the number of turns. The domino structure
WPT system studied in the literature (Zhang et al., 2017; Zhou et al., 2019)
considers that the more the number of relay coils and the number of turns,
the higher the transmission efficiency. Figure 7 shows that in the application
scenario of the 110 kV insulator string structure in this paper, when the
number of relay coils takes themaximum value of n = 6 and the number of
turns takes themaximumvalue ofN=16, the transmission power is 1.64W
and the transmission efficiency is 52.5%. After optimization in this paper,
the number of turns is N = 12. At this time, the maximum transmission
efficiency of the system is 56.09%, and the corresponding power is 3.86W,
which is better than the coil parameter configuration method in the
literature (Zhang et al., 2017; Zhou et al., 2019). At the same time, the
experimental result indicates that the transmission power of the system
reached more than 10W when N = 4–8. Therefore, if you want to supply

FIGURE 9
WPT experimental platform.

TABLE 4 Actual circuit parameters.

Parameters Value Parameters Value

N 8, 15 f/kHz 300

L/μH 38.2, 127.1 Us/V 20

R/Ω 0.39, 0.75 RL/Ω 5

C/nF 7.30, 2.51
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power to the load with power greater than 10W, the number of turns that
can be used isN = 8. As shown in Figure 7, the system transmission power
and The efficiency is B1 point and B2 point respectively. At this time, the
transmission power is 11.65W, and the efficiency also reaches 48.41%,
which not onlymeets the power supply demand of the load, but also ensures
the energy transmission efficiency.

4.3 Parameter configuration scheme of WPT
system for transmission tower online
monitoring equipment

In the above, the parameter optimization of the WPT system with
different numbers of relay coils is discussed in detail, and the optimal

FIGURE 10
Experimental waveform corresponding to Scheme 4

FIGURE 11
Experimental waveforms corresponding to Scheme 6

Frontiers in Electronics frontiersin.org09

Wang et al. 10.3389/felec.2023.1034082

https://www.frontiersin.org/journals/electronics
https://www.frontiersin.org
https://doi.org/10.3389/felec.2023.1034082


coil parameter configuration scheme is obtained, as shown in Table 3,
and the system transmission performance corresponding to each
configuration scheme is shown in Figure 8. As shown in Table 3
and Figure 8, by optimizing the coil arrangement position and the
number of turns N, using different numbers of relay coils, the
transmission power of the system can reach 1.5 W, and the
transmission efficiency can reach more than 55%. At the same
time, the number of relay coils, the number of turns and the
system performance are not simply proportional. When optimizing
system parameters, the corresponding parameter optimization scheme
can be selected according to the specific needs of the load. If the power
supply requirement of the monitoring equipment is about 1 W, and
the transmission efficiency is considered to be as large as possible,
option 4 can be selected; if the power supply requirement of the
monitoring equipment is more than 10W, option 6 can be selected.

5 Test verification

In order to verify the rationality and correctness of the theoretical
and simulation analysis, as shown in Figure 9, a test platformwas built.
The test device includes a DC power supply DH1798-10, a high-
frequency inverter (the driving signal is generated by DSP), an
oscilloscope Tektronix MSO54, and several cement load (20W/
5Ω). The parameters of the wound resonant coil are shown in
Table 1. The error of the measured parameter value of the coil is
small, and the average value is taken. The circuit parameters of the
system are shown in Table 4.

When the system parameter configuration adopts scheme 4, the
test waveform is shown in Figure 10, the transmission power is 1.81 W,
and the transmission efficiency is 60.11%; when the system parameter
configuration adopts scheme 6, the test waveform is shown in
Figure 11, and the transmission power is at this time. It is
11.35 W, and the transmission efficiency is 47.19%. By comparing
the test results and the simulation data, the transmission performance
of the corresponding systems in the test is slightly lower than the
simulation results, because the coil internal resistance loss in the test is
greater than the theoretical analysis, but the overall results are basically
the same, proving the validity of the theory and simulation.

6 Conclusion

In this paper, the coil is embedded in the insulator string to
wirelessly supply power to the online monitoring equipment of the
110 kV transmission tower. By exploring the relationship between the
transmission power and efficiency of the system and the number of
relay coils, the arrangement position, and the number of turns, it is
obtained that the number of relay coils, the number of turns and the
system performance are not simply positive correlations when other
parameters of the system are fixed. Compared with traditional multi-
relay coils, by optimizing the number, position and number of turns of
the relay coils, the transmission performance of the system is

significantly improved. At the same time, there are a variety of
parameter optimization schemes to make the system transmission
performance meet the design indicators. Meanwhile, according to the
power supply demand of the monitoring equipment, the
corresponding parameter optimization scheme is designed. In
summary, the above conclusions provide precedent for the optimal
design and application of transmission tower WPT system.
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