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Abstract: In order to realize an online power supply, this article develops an explicit design of
induction power extraction technology combined with wireless power transmission (WPT) technology.
Unlike the power supply mode of traditional batteries of online monitoring devices of high-voltage
transmission lines, this technology solves the short battery life cycle problems. First, the principle of
induction power extraction is analyzed. Based on the equivalent circuit of the mutual inductance
model, expressions of induction power extraction without and with core saturation are derived,
respectively. According to the current transformer (CT) magnetic coupling diagram, the open-circuit
voltage of the secondary side of the CT is deduced. Therefore, the CT material and size could be
selected. The CT coupling model is used to equivalent the current transformer to the ideal voltage
source. Then, the four basic topological spaces of the magnetic coupling resonant WPT system are
analyzed and calculated, and the efficiency of the SS topology WPT system is analyzed. Furthermore,
aiming at long-distance power transmission, this article described the building of a three-coil WPT
system and the analysis of the corresponding transmission efficiency and output power expression.
With the aid of Maxwell, the technology proposed is simulated based on a 110 kV high-voltage
transmission line with 1.2 m as the transmission distance of the system. Finally, the influence of a
coupling coefficient and load resistance on the transmission characteristics of the multicoil system
is obtained. Consequently, the simulation results with a system output power of 14.4 W verify the
effectiveness of the technology.

Keywords: induction power extraction; online monitoring; high-voltage transmission lines; wireless

power transmission; three-coil

1. Introduction
1.1. Motivation and Incitement

With the development of the national economy, the demand for electricity and elec-
tricity quality has risen sharply, with the national power industry having been developed
in-depth. High-voltage, extra-high-voltage, and even ultra-high-voltage transmission lines
have been implemented across the north and south of China [1]. With the continuous
improvement of the voltage level of transmission lines, the requirements of stability, safety,
and reliability of transmission and distribution network systems have gradually increased.
In recent years, emerging technologies, such as smart grids and distribution automation,
have continuously emerged and are being promoted [2]. Improving the safety and sta-
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development of these technologies.

The high-voltage transmission line is a complex energy network, which includes sev-
eral parts, such as transelectric insulator strings, various connection fittings, transmission
towers, and power wire materials. They are usually exposed to fields, where geographical
and climatic environments are complex and variable, especially in mountainous, landslide,
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and flood-prone areas, as well as extremely severe weather, such as ice, snow, and thun-
derstorms. In addition, they are widely distributed and have long line distances. Hence,
a high-voltage transmission line can be easily damaged. Once a fault occurs in a certain
part of the line, it can lead to a series of chain reactions, and even lead to a partial or entire
power grid paralysis, bringing large losses to the national economy:.

Online monitoring devices have been widely used in the state monitoring and fault
diagnosis of transmission lines to provide timely feedback on the state information of
transmission lines, preventing catastrophic accidents [3]. However, with the popularity of
online monitoring technology, the power supply problem of online monitoring devices has
become one of the most important problems requiring solving [4]. Due to geographical and
self-insulation constraints, the power supply of high-voltage transmission lines cannot be
transmitted directly from the high-voltage side to the low-voltage side through cables [5].
Therefore, the power supply problem of high-voltage line online monitoring devices,
especially monitoring devices installed on transmission towers, has once again become a
key bottleneck to the in-depth and mature development of smart grids [6].

In addition, since online monitoring devices for high-voltage transmission lines work
under the malignant conditions of ultra-high potential and strong magnetic radiation, this
means that higher requirements for the safety and reliability of its power supply are needed.
Therefore, the development of a power supply that can work stably in fields for a long time
is a prerequisite to ensure the reliable operation of transmission line online monitoring
devices, and it is also the primary problem that should be solved to ensure that online
monitoring technology can be integrated into the tide of smart grids.

1.2. Literature Review

At present, research on the power supply mode of online monitoring devices at home
and abroad mainly includes the following:

1. Solar power: It collects photovoltaic energy mainly through solar cell arrays, and, at
the same time, for online monitoring devices and battery power supplies. However,
solar cells are susceptible to weather conditions, and the storage capacity in solar
power systems is unlikely to be too large when it is cloudy and rainy for many
days; hence, solar power systems may not be able to meet the power needs of online
monitoring devices [7].

2. Laser power: At the low-voltage side, high-power laser generators are used to send
light energy to the high-voltage side, and at the high-voltage side, photocells are used
to convert light energy into electricity, which supplies power to high-voltage lines [8].
However, due to the large size of the transmitting and receiving devices and the fact
that online detection equipment is usually installed on high-voltage lines, it is difficult
to install power supply equipment, and the cost of its operation and maintenance
is high.

3. Ultrasonic power supply: The utility model relates to an energy supply mode that uses
ultrasonic waves as a medium to transmit electric energy. However, its equipment
is expensive, and the conversion efficiency is low. Hence, it cannot be used on a
large scale.

4. Microwave power: It is a means of transmitting energy in a vacuum or in the atmo-
sphere without the aid of any other transmission lines. However, if a microwave
power supply is applied to the power supply of online monitoring devices for high-
voltage transmission lines, there is also a need to address the design and placement of
receiving antennas, determining whether the microwave power supply can interfere
with monitoring devices, and the issues surrounding operation and maintenance [9].

In order to optimize the real-time power supply for online monitoring devices of high-
voltage transmission lines, this paper proposes a power supply mode combining current
transformer power extraction technology and three-coil wireless power transmission (WPT)
technology. Compared with the above four energy supply modes, the current transformer
has the advantages of small size, low cost, high transmission power, and not being affected
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by weather changes. In addition, the use of current transformer energy technology can
avoid direct contact with energy sources and can solve the problem of insulation in the
power supply [10-13]. In addition, compared with other wireless energy transmission
technologies, the magnetic coupling resonant WPT technology has the advantages of a
long transmission distance, high transmission power, high transmission efficiency, physical
isolation, etc. [14,15]. The combination of CT induction power extraction technology and
three-coil WPT technology can provide an appropriate solution to the problem of power
supply insulation for online monitoring devices of high-voltage transmission lines [16].

In [4], according to the limitation of the plant application of induction energy harvest-
ing devices for high-voltage transmission lines, several power supply modes are compared
and the power supply mode of solar panels and accumulators is put forward. In order to
deal with bad situations after magnetic saturation, silicon steel sheets with high-saturation
permeability and low cost are used as the core material. In [5], based on the method of
obtaining electricity through CT induction acquisition technology, a device for obtaining
electricity is designed. The output power reaches 3 W. Two kinds of output voltage grades
are provided. The maximum output current can reach 250 mA, and the utility model solves
the power supply problem of the equipment in the power tunnel. In [6], a simple model
of self-supply power is designed based on the analysis of circuit structure and take-up
coil by using the principle of CT induction acquisition technology taking-up power for
power overhead lines; the take-up power is approximately 5 W and is applied to the fault
detection of high-voltage transmission lines.

At present, research surrounding power supply methods for online detection equip-
ment based on the combination of CT induction power extraction technology and three-coil
WPT technology is in the initial stages. There are still some problems, such as limitations in
the transmission distance and the insufficient antisaturation ability of the magnetic core,
leading to a high degree of magnetic saturation.

1.3. Contribution and Paper Organization

This paper presents an induction power extraction and three-coil WPT technology for
high-voltage transmission lines. In this paper, the structure parameters of the CT ring are
analyzed and the influence of the coil parameters on the energy efficiency of the magnetic
coupling WPT system is analyzed. Based on this, this paper optimizes the structural and
coil parameters of the CT ring, finally making the system have a larger induced voltage in
the energy-fetching link. At the same time, the system has a longer transmission distance,
improved size and cost of the equipment, and improved stability and practicability.

This paper first analyzes the principle of inductive energy acquisition and the prin-
ciple of the magnetic coupling resonance wireless power transmission, which provides
a theoretical basis for the proposal of the new method. Then, through the analysis and
calculation of the influence of each structural parameter, the optimal parameter is selected
and verified through a simulation. Finally, a three-coil CT inductive energy acquisition
system with a longer transmission distance and a larger induced energy acquisition voltage
is obtained.

2. Theoretical Analysis and Design of Induction Power Extraction
2.1. Analysis of CT Ring Induction Power Extraction

A CT-type induction power extraction model was adopted for the induction power
extraction of high-voltage transmission lines. The current transformer was composed of a
high-voltage transmission line on the primary side, a core, and a secondary winding. The
current transformer was based on the principle of electromagnetic induction. When the
alternating current passes the primary side of the high-voltage transmission line, induced
in the secondary side with the same phase, the amplitude is proportional to the number of
turns [17]. The primary side current is not affected by the secondary side, and the secondary
side current is not affected by the load, which is only related to the primary side current
and the core and winding [18]. When establishing the mathematical model of CT induction
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power extraction technology, the skin and temperature effects of the winding were ignored,
and the hysteresis eddy current loss of the core was also ignored. The magnetic coupling
model of the power extraction CT is shown in Figure 1. The primary side was controlled
through an alternating current and only had one turn of winding on it. In Figure 1, ¢y, is
the main magnetic flux, ¢1,, and @y, are the leakage fluxes of the primary and secondary
winding, respectively, ¢1 and ¢, are the main magnetic fluxes of the primary and secondary
winding, respectively, 71 and i, are the currents of the primary and secondary winding,
respectively, N1 and N are the turns of the primary and secondary winding, respectively,
and e; and e; are the potentials of the primary and secondary winding, respectively.
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Figure 1. CT coupling relationship power extraction diagram.

The voltage effective value of the CT secondary side under no-load conditions was
expressed as:

I
Ey = V2 x 4.44 szyoyrs% 1)

where i, is the relative permeability of the magnetic core, g is the vacuum permeability, /
is the effective magnetic circuit length, S is the cross-sectional area of the iron core, f is the
frequency of the transmission line current, and I; is the effective value of the transmission
line current.

2.2. Selection of CT Ring

For the selection of the CT ring, a larger initial permeability and a larger saturation
permeability were necessary. The most commonly used iron core materials are nanocrystal,
permalloy, and silicon steel [19]. The parameters of the three materials are listed in Table 1.
It can be seen that the saturation magnetic induction intensity of silicon steel was large,
and it was not easy to make the magnetic core enter a saturated state, while the magnetic
permeability of the nanocrystal and permalloy was much larger than that of the silicon
steel. Considering the economy and practicability of CT involved in this paper, silicon steel
was selected as the core material of CT.

Table 1. Three core materials’ basic parameters.

Basic Parameter Silicon Steel Permalloy Nanocrystal
Saturation induction (B/H) 2.03 0.75 1.25
Initial permeability (1tH/m) 102~103 (5~8) x 10* (5~10) x 10*

Maximum permeability (uH/m) 4 % 104 60 x 10* 60 x 10*

Density (g/cm?) 7.65 8.75 7.25

Packing fraction 0.95 0.9 0.7

Thickness (mm) 0.3 0.15 0.3

The core was designed to open the air gap to improve the maximum saturation
magnetic induction intensity of the air gap and suppress the core saturation. In this case,
the antisaturation characteristics and demagnetization ability of the iron core increased
and the performance of the traditional current transformer was improved. At the same
time, this structure of air gap also provided convenience for the installation of the current
transformer on the high-voltage transmission line.
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The relative permeability of the iron core in the case of an open-air gap could be

derived as:
1y = HFe _ 1 -
= S, 1 — 45, 1 ™
‘uFel + HFe l + HFe

@)

~| >

2.3. Power Extraction of CT Ring

If the ring core of the current transformer was composed of a highly permeable
material, it could be considered that the inductance of the primary and secondary sides of
the current transformer was fully coupled, and the coupling coefficients of the primary and
secondary sides were infinitely close to one. The current transformer was calculated using
the mutual inductance model, and the equivalent circuit diagram is shown in Figure 2.

I R
e

+

joLil

JOMI2 <:

Figure 2. Current transformer equivalent circuit diagram.

Without considering the saturation of the core, the expression of the maximum power

could be derived as:
B 1o .
Qunt2)2 20t

Pmax =

The above analysis of the maximum output power was based on an ideal state that the
magnetic core was not saturated. In reality, the magnetic core would reach the saturation
state with the increase in the primary side current. At this time, the current induced by the
secondary side of the current transformer would be used for excitation, and significantly
increasing the excitation current. The output current at the primary side would present with
serious distortion, and the permeability of the magnetic core would also be significantly
reduced, affecting the normal operation of the current transformer. If the equivalent
resistance of the secondary side was not controlled to continuously increase to output
higher power, it may lead to the saturation of the magnetic core. Therefore, it is necessary
to calculate and discuss the state that may lead to core saturation.

The equivalent resistance of the secondary side could be adjusted to make the magnetic
core not enter the saturated state when it was saturated. The maximum power output
under the unsaturated state of the magnetic core was expressed as:

i

Prax =
VFL3)/ (BuiaxS?) 1

(ULl ~ Il-Bmng(U (4)

where By is the maximum magnetic induction intensity.

2.4. Power Extraction of CT Ring

The open-circuit voltage of the secondary side of the current transformer and the
relative permeability of the iron core under the condition of an open-air gap could be
calculated so that the current transformer could be equivalent to an ideal voltage source.

The parameters of the current transformer designed in this paper were given as
follows: outer diameter Ry = 44 mm; inner diameter R; = 30 mm; width a = 30 mm; air
gap 6 = 1 mm; secondary side turns N; = 200; vacuum permeability po =47t x 1077 H/m;
system frequency f = 50 Hz.
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By combining (1) and (2), the expression of the secondary open-circuit voltage after
opening the air gap could be obtained as:

E, = V2 x 4.44 szyOS% (5)

When the input voltage was 500 A, it could be concluded that the effective value of
the open-circuit voltage on the secondary side of the current transformer was obtained as:

E, =1657V (6)

Therefore, the current transformer could be equivalent to an AC voltage source with
an amplitude of 1.414 E;. It was shown that, when the current at the transmission terminal
was 500 A, it was equivalent to a voltage source with an amplitude of 23.43 V.

3. Theoretical Analysis and Design of Magnetic Coupling Resonant WPT System
3.1. Mathematical Model of Magnetic Coupling Resonant Wireless Power Transmission System

According to the transmission coil and the receiving coil capacitor compensation, there
were four basic compensation topological spaces for the magnetically coupled resonant
WPT, as shown in Figure 3.

I Ri

Rs

Us

=

Rs
Us
I
Rs
Us

Figure 3. Equivalent circuit of topological structure: (a) SS topology structure; (b) SP topology

structure; (c) PS topology structure; (d) PP topology structure.
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Through the calculation of the four topological equivalent circuits, the output power,
transmission efficiency, and compensation capacitance of the magnetic coupling resonant
wireless power transmission system under four structures could be obtained, as shown in
Tables 2 and 3.

Table 2. Transmission characteristics of magnetically coupled resonant WPT.

Topological Structure Output Power Transmission Efficiency
SS _(@MUs)’R; ___WMPR__
(Z11 Zon +w? M2)? (Zi1Zn+w*M?) 2y
SP (wMUs)*R;, W?M2R,
(Z11 Zp+w?M?2)* (1+4jwCy) (Z11 Zn+w?M2) (14jwC,Ry)
PS _ (wMUs)*Ry MR,
(Z12Zo +w?M2)? (Z12Zn+w?*M?) Zx
PP (wMUs)*Ry, W M2R;
(Z12Zop+w? M2)? (1+jwCy) (Z12Zn+w*™M?)(1+jwCRr)

Table 3. Compensation capacitance of magnetically coupled resonant WPT.

Topological Structure Compensation Capacitor C; Compensation Capacitor Cp
1 1
SS w2L1 szZ
SP L 1
wZ(LlefMZ) w2L2
PS __LiRf 1
w?L2R? +w*M* w?Ly
PP LiL,—M?L2 1
2 22, MARG w?Ly
w?(L1Ly—M?) +?

It can be seen from Table 3 that the compensation capacitance of the transmitter was
not affected by the load of the receiver, and it was only related to the system frequency and
the self-inductance of the transmitter only in SS topology.

The transmission efficiency of the SS topology under resonant conditions could be
obtained through the compensation capacitance expression.

(w*M?Ry)

= [R1(R2 + Rp) + w?M?|(R2 + Rp) @)

Similarly, the transmission efficiency of the other three topological spaces could be
obtained. It could be found from the expression that the transmission efficiency expres-
sions of the SS and PS topological spaces were the same, and the transmission efficiency
expressions of the SP and PP topological spaces were the same. Hence, the transmission
efficiency was not related to the structure of the transmitter, but to the receiver.

It could be known from the principle of series resonance that the reactance of the
primary side of the SS topology was zero in the resonant state. The current of the primary
side was large and the voltage was small in the resonant state because of the small resistance
value of the coil. The output current of the secondary side was constant. The output power
and transmission efficiency mainly depended on the mutual inductance, resonant frequency,
and load resistance of the coupling coil.

3.1.1. Relationships between Output Power, Transmission Efficiency, and Coil
Mutual Inductance

The system frequency f was 100 kHZ, the input voltage was 100 V, the load resis-
tance Ry was =10 (), and the coil resistance R was 0.5 (). The relationship between the
transmission power and efficiency with mutual inductance is shown in Figures 4 and 5.

It can be seen from Figure 4 that the output power reached the maximum when the
mutual inductance was close to 5 uH. It can be seen from Figure 5 that the transmission
efficiency of the system tended to be stable and reached the maximum after the mutual
inductance was 10 pH.
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3.1.2. Relationships between Output Power, Transmission Efficiency, and Load Resistance

When the system frequency f was 100 kHz, the input voltage was 100 V, the coil
mutual inductance was M = 100 puH, the coil resistance R was 0.5 (), the relationship
between the transmission power and efficiency of the system with the load resistance is

shown in Figures 6 and 7.



Energies 2023, 16, 3079 90f17

5000 ‘ . —
4500 F 7
4000
3500
= /
& 3000
g /
= 2500 /
=2 /
(=1 /
E
52000
1500
1000
500 |/
0 [ L L L L
0 20 40 60 80 100

Load resistance (Q)
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Figure 7. Relationship between transmission efficiency and load resistance under the two coils.

It can be seen from Figure 6 that the output power increased gradually with the
increase in load resistance. As seen from Figure 7, the transmission efficiency tended to be
stable when the load resistance was higher than 30 Q).

3.2. Theoretical Analysis of Three-Coil Magnetic Coupling Resonant WPT System

The multicoil WPT could be used to improve the distance of the WPT. The three-coil
magnetic coupling resonant WPT system contained three different coils, which were the
transmission coil connected to the high-frequency power supply, the relay coil, and the
receiving coil with a load. As shown in Figure 8, based on the mutual inductance theory, the
equivalent circuit model of the system was established by using the SS topology structure.

Ci C2 Cs

= -

Rs R2 Rs

Figure 8. Three-coil magnetic coupling resonant wireless power transmission system circuit model.

In Figure 8, Us is the high-frequency voltage, R1, Ry, R3, Rs, and R; are the resistance
of the transmitting coil, the resistance of the relay coil, the resistance of the receiving coil,
the internal resistance of the power supply, and the resistance of the load, respectively; L,
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Ly, and Lj are three equivalent inductance values of the coil, and Cy, Cp, and Cj are the
capacitor compensations of the three coils.

The output power and transmission efficiency of the system could be obtained by
listing the KVL equation of the circuit model when the system was in a resonant state.

Pout = B*R; = (w2M12M23)2U§RL ®
[(CUM12)2(R3 +Rp) + (Rg + Ry)[Ry(R3 4+ Ry) + (wM23)2]]2
_ (wM122Mp32R})
T 2 ©)
(R2(R3 + Rp) + (wMa3)?)
o= 1 (10)

((wMi2)*(Rs + Rp) + (Rs + Rq)[Ra(Rs + Rp) + (wMa3)?])

3.3. Analysis of Influence Factors of Three-Coil Magnetic Coupling Resonant WPT System
3.3.1. Effect of Coupling Coefficient on Output Power

In the three-coil WPT system, the distance between the receiving coil and the trans-
mitting coil was large and the mutual inductance could be ignored. Hence, only the
mutual inductance between the adjacent coils was considered. By substituting the coupling
coefficient formula into the output power expression, it had:

w4 klzz k232 L4U§RL

(11)
[w? k122L2(Rs + Rp) + (Rs + Ry)[Ra(R3 + Ry) + w? k1212]]

Pour = ISZRL =

where frequency f = 100 kHz, input voltage Us = 100 V, R = R; = R3 =R =0.5 (), and
L1 =L, = L3 =L =297.08 uH. Ignoring the internal resistance of the input power supply Rg
and making the load resistance value Ry, = 15 (2, based on these parameters, the relationship
between the coupling coefficient and the output power could be obtained, as shown in

Figure 9.

1500

1500

/)

it
[ I
Wmﬂﬂ%ﬁfﬂﬂﬂm‘ﬂn

gt

-
o
(=}
o

i
f;‘h‘n’ﬂﬂfﬂf%ﬁ

i

500

Qutput power

0

0 0

Coupling coefficient K Coupling coefficient K

Figure 9. Relationship between output power and coupling coefficients k1, and k3.

As Figure 9 shows, the output power would appear to peak with the increase in
the coupling coefficient, and the output power would decrease with the increase in the
coupling coefficient if the coupling coefficient continued to increase. Therefore, the output
power did not increase with the increase in the coupling factor.



Energies 2023, 16, 3079

11 of 17

3.3.2. Influence of Coupling Coefficient on Transmission Efficiency
By substituting the coupling coefficient into the transmission efficiency formula, it had
wkl 22k232L4RL
Rz(R3+RL)Jlr(Wk23L)2 (12)
X @PR12? L2 (Ry + R+ (Rs + Rp) [Ra(Ra+Rp) +w?kiz2L2]

17:

Thus, the relationship between the coupling coefficient and the transmission efficiency
could be obtained, as shown in Figure 10.

-
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o
]
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- O
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04
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Coupling coefficient K O 0O Coupling coefficient Ki

Figure 10. Relationship between transmission efficiency and coupling coefficients ki, and k3.

It could be seen from Figure 10 that when other parameters were determined, the
transmission efficiency of the system increased with the increase in the coupling coefficients
k12 and kp3. Moreover, the influence of the coupling coefficient of the transmitting coil and
the relay coil on the transmission efficiency of the system was slightly larger than that of the
coupling coefficient of the relay coil and the receiving coil. Since the coupling coefficients
k12 and ky3 of the system had a certain negative correlation, it was difficult to make the
transmission efficiency reach the maximum value. However, the transmission efficiency of
the system would be improved with the increase in k5.

3.3.3. Determination of Three-Coil Parameters

The three-coil WPT system designed in this paper was used for 110 kV transmission
lines. According to the electric power industry standard of China—technical code for
designing 110~500 kV overhead transmission line—the insulation distance standard of
transmission lines under different voltage levels could be found.

It can be seen from Table 4 that the insulation distance of the 110 kV transmission line
was 1.022 m. Therefore, 1.2 m was taken as the transmission distance of the designed coil.

Table 4. Insulation distance under different voltage levels.

Voltage Level (kV) 110 220 330 500
Single Insulator Thickness (mm) 146 146 146 155
Number of Insulator 7 13 17 25

Insulation Distance (m) 1.022 1.898 2.482 3.878

As the three-coil structure with a relay coil was used for power transmission, the
position of the relay coil would affect the transmission performance of the system. In
the three coils designed in this paper, the distance between the transmitting coil and the
receiving coil was 1.2 m, and the relay coil was placed in the center of the transmitting coil
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and the receiving coil. Three coils adopted the same planar spiral coil structure, and the
coil parameters are listed in Table 5.

Table 5. Table of coil parameters.

Diameter of Wire R Outer Diameter of
Coil Diameter (cm) .
(cm) Coil (cm)

0.2 20 32 20

Number of Coils

The coil was modeled in Maxwell with the selected parameters, and the magnetic field
intensity distribution of the coil is shown in Figure 11.

H [A/m]

100.0000
I 93.3520

86.7039
80.0559
73.4078
66.7598
60.1117
53.4637
46.8156
40.1676
33.5195
26.8715
20.2234
13.5754
6.9273
0.2793

Figure 11. Magnetic field distribution of three coils.

3.3.4. Influence of Load Resistance on Transmission Performance

The mathematical model of the three-coil WPT system was modeled and analyzed in
Maxwell. The coil diameter was 0.2 cm, the coil inner diameter was 20 cm, the coil outer
diameter was 32 cm, and there were 20 coil turns. The self-inductance and mutual induc-
tance of the simulation coil were L1 = L, = Lz = L =297.08 uH and M1, = M3 = 10.315 uH,
respectively. The coil resistance was Ry = Ry = R3 = R = 0.5 (), the input voltage Us was
=100V, and the resonant frequency f was =100 kHz. Based on the above parameters, the
load, output power, and transmission efficiency curves are shown in Figures 12 and 13.
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Figure 12. Relationship between output power and load resistance under the three coils.
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Figure 13. Relationship between transmission efficiency and load resistance under the three coils.

From Figure 12, it could be seen that the output power increased sharply with the
increase in resistance. It decreased rapidly and, finally, the trends slowed down when it
reached the peak value. It could be observed from Figure 13 that the transmission efficiency
increased rapidly with the increase in resistance value when the resistance value was very
small. It tended to be stable, reaching approximately 80% when the load resistance reached
approximately 10 Q).

4. Simulation

The current transformer was equivalent to an ideal voltage source through the above
analysis and calculation. It was connected to an uncontrolled rectifier circuit and was
filtered through the capacitance. Through the high-frequency inverter circuit, the direct
current was transformed into an alternating current with a frequency of 100 kHz, and was
connected to the three-coil system. Then, it was connected to a bridge rectifier circuit and
capacitor filter. Finally, a 12 V voltage was output into the load through the Buck converter
circuit. The simulation circuit is shown in Figure 14.

3]

Figure 14. System simulation circuit.

Based on the above simulation parameters, the load resistance was set to be 10 (2. The
inverter output voltage, the receiving coil output voltage, and the system simulation output
voltage waveforms were simulated, as shown in Figures 15-17.
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Figure 15. Voltage waveform of inverter output.
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Figure 16. Voltage waveform of receiving coil output.

Output Voltage(V)
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Figure 17. Voltage waveform of system simulation output.

It can be seen from Figures 15 and 16 that the system worked stably and could realize
a normal WPT. As seen from Figure 17, the system output power was 14.4 W. As shown
in Figure 18, at present, from the perspective of the monitoring functions, common online
monitoring equipment for high-voltage transmission lines could basically be divided into
the following categories: icing monitoring, line galloping, and wind deviation monitoring,
lightning monitoring, insulator pollution monitoring, tower tilt monitoring, etc. Due to
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the different energy consumptions of online monitoring devices with different functions,
generally speaking, it was approximately 10 W, and the output power met the energy
supply demand. Therefore, the system had practical application prospects.

(1 " LN -
y 4 . " %
N ! A > - :

(c). Icing online monitoring equipment.
Figure 18. Common high-voltage transmission line online monitoring equipment.

5. The Innovation of the Paper

1.  This paper discussed a new power supply mode of online detecting equipment
for high-voltage transmission lines, which included CT induction power extraction
technology and three-coil WPT.

2. The designed method of the CT induction power extraction devices was presented,
related parameters, such as the material structure of the iron core, were given, and the
optimization was verified.

3.  The three-coil system with a relay coil was analyzed theoretically and the energy
efficiency effect of related parameters of the three-coil system was analyzed. Based on
this, a three-coil WPT system was designed.

6. Comparative Analysis

Due to a lack of research on the combination of CT-induced energy harvesting and
three-coil WPT, the following Table 6 only compared and analyzed CT-induced energy
harvesting:
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Table 6. Contrast table of CT-induced power extraction effect.
Magnetic Core Ability to Resist Induced Voltage at
Reference . .
Material Structure Saturation Current 500 A

Reference [4] C-core Worse 7931V
Reference [5] Permalloy Worse 12V

This article Silicon steel, open-air Magnetic saturation 1657 V

gap structure decreased

Through the above table, it could be concluded that through the design of the open-air
gap of the iron core and the optimization of the related parameters, the antisaturation
ability of the designed CT had a greater induction voltage of the energy-taking link. At the
same time, in combining with the three-coil WPT technology, the system had a longer trans-
mission distance. In addition, the system designed in this paper reduced the equipment’s
size and cost, increasing the system’s stability and efficiency.

7. Conclusions

Focusing on the shortcomings of the battery life cycle in traditional battery power
supply modes of high-voltage transmission line online monitoring devices, this paper
proposed a way to realize an online power supply by combining induction power extraction
technology with three-coil WPT technology. In this paper, the structure and parameters
of the whole system were selected and optimized, and the correctness of the theoretical
analysis was verified with simulation results. The research results showed that the proposed
system had good theoretical significance and practical application value for the wireless
online power supply of online monitoring devices of high-voltage transmission lines.

8. Patents

This section is not mandatory but may be added if there are patents resulting from the
work reported in this manuscript.
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Notations

Symbol Description Unit
Pm the main magnetic flux Wb
P1m the leakage fluxes of the primary winding Wb
Pom the leakage fluxes of the secondary winding Wb
1 the main fluxes of the primary winding Wb
@2 the main fluxes of the secondary winding Wb
i1 the current of the primary winding mA
ip the current of the secondary winding mA
N the turns of the primary winding -

N, the turns of the secondary winding -

e] the potentials of the primary winding \%

e the potentials of the secondary winding \%

E; the voltage effective value of the CT secondary side under no-load conditions V

Ur the relative permeability of the magnetic core H/m
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Ho the vacuum permeability H/m
) the effective magnetic circuit length m

S the cross-sectional area of the iron core m?

f the frequency of the transmission line current Hz

I the effective value of the transmission line current mA
UEe the ferrum permeability H/m
w the resonant angular frequency r/s
M the mutual inductance factor H

R; the primary impedance O

Ry the secondary impedance (@)

Ry, the load resistance (@)
Piax the expression of the maximum power W
Biax the maximum magnetic induction intensity Wb/m?2
1 the transmission efficiency -

Pout the output power \
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