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Research on Characteristics of Planar Coil Based on Grounding Grid
Breakpoint Magnetic Coupling Detection Method
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Abstract—Magnetic coupling detection method, as one of the methods of solving grounding grid
breakpoint location problem, has the problem that the size of the transmitting coil is too large to be
easily applied to the actual environment detection. In order to reduce the size of the transmitting coil
and ensure the effect of breakpoints detection, this paper studies the characteristics of the planar coil
based on the method of grounding grid breakpoint magnetic coupling detection. Firstly, a mathematical
model of the planar coil magnetically coupled detection grounding grid breakpoint system under high
frequency is established. After analyzing the model, factors of affecting the breakpoint detection effect
and the high frequency characteristics of the system are derived. Secondly, a simulation model of the
magnetically coupled detection grounding grid is established by using HF'SS software. The influence of
the line width, side length, number of turns, and turn spacing of the transmitting coil on the detection
effect is studied in detail. Besides, according to the law, the coil size optimization design is carried
out. At last, the experimental platform is built to verify the reliability of the simulation and theory.
The results show that the detection effect decreases as the line width and side length of the planar coil
decrease, but the effect of line width change is small. Increasing the number of turns and turn spacing
can improve the coupling coefficient to increase the detection effect, but when the distortion region is
located after the parallel resonance point, the distributed capacitance will greatly inhibit the detection
effect.

1. INTRODUCTION

Grounding grid is an important facility to ensure the safe operation of the power system. Being buried
underground for years by various microorganisms, chemical substances corrosion, primary battery effect,
etc. causes corrosion or even breakage, resulting in weakened grounding performance and endangering
the safety of personnel and power systems. Therefore, it is crucial to evaluate the corrosion degree of
the grounding grid or find the breakpoints of the grounding grid.

The methods to diagnose grounding grid fault are divided into four main categories: electrical
network method [1], electromagnetic field method [2, 3], electrochemical method [4,5], and electrical
impedance tomography method [6,7]. The electromagnetic method is one of the more important
methods. However, the electromagnetic effect between the grounding grid and the detection device
needs enhancement in order to conduct accurate detection because there is a long distance between
them. Moreover, serious magnetic field interference in the substation will also have a certain impact on
the accuracy of the method [8]. Therefore, the coupling of the detection device and grounding grid is
an effective way to solve the non-contact detection of grounding grid faults and avoid the influence of
external magnetic field interference on the detection system.
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Magnetically coupled resonant technology is one of the wireless power transmission technologies,
which has the characteristics of coupling, long-range electrical energy transmission, and selectivity for
frequency. This technology can achieve over-coupling under certain conditions. Frequency bifurcation
phenomenon will occur when the system reaches over-coupling [9]. In recent years, many scholars
have studied this phenomenon in detail. Paper [10] used two coils with different radii to eliminate
the frequency bifurcation phenomenon, and the results showed that increasing the transmitting coil size
could eliminate the frequency bifurcation as well as improve the transmission distance. Paper [11] found
that the frequency bifurcation phenomenon also existed in the single-emission and double-receiving
system through theoretical analysis and gradually disappeared as the distance between the transmitter
and the receiver increased. Paper [12] found that increasing the radius of the primary coil and lateral
movement of coils could effectively eliminate the frequency bifurcation phenomenon by establishing the
mutual inductance formula of the lateral moving coil. Most of these results have studied the effect
of frequency bifurcation on energy transmission and conducted proper design to suppress frequency
bifurcation.

As a common phenomenon in magnetically coupled resonance technology, the related report about
applying frequency bifurcation phenomenon to detection is less [13]. Tao has applied the magnetic
coupling resonance and frequency bifurcation phenomenon to loop open-closed detection of grounding
grid breakpoints [13]. However, it is just the start of exploring and studying, and the side length of
the transmitting coil is the same as the side length of the single mesh of the grounding grid, which is
5m x 5m and not conducive to be applied to the actual environmental detection.

Therefore, in order to reduce the size of the transmitting coil and ensure the detection effect of the
breakpoint, this paper investigates the characteristics of the planar coil for magnetic coupling detection
of the grounding grid breakpoint, focusing on the influence law of the planar coil line width, side length,
number of turns, and turn spacing on the detection effect and the high frequency characteristics of the
system, and optimizes the design of the planar coil size according to the variation law. Finally, the
simulation results are verified by building an experimental platform.

2. PRINCIPLE OF MAGNETIC COUPLING DETECTION GROUNDING GRID

The principle of magnetic coupling detection grounding grid is that the coupling occurs between the
transmitting coil on the ground and the mesh of the grounding grid, and the state information of the
grounding grid is obtained by obtaining the phase-frequency curve of the transmitting coil, as shown in
Figure 1. Each mesh of the grounding grid can be regarded as an inductance coil, which is equivalent
to an RL circuit when the grounding grid mesh is not broken. When the mesh is broken, the break is
equivalent to the introduction of a capacitor, which is equivalent to the formation of an RLC circuit at
this time [13]. Magnetic coupling detection is to determine the state of the mesh of the grounding grid
by detecting the RL circuit and RLC circuit.

Transmitting coil 4_©

Soil

Figure 1. Schematic of magnetic coupling detection grounding grid.

2.1. Magnetic Coupling Detection Model at High Frequency

At present, the working frequency of magnetic coupling detection grounding grid system is high, usually
above MHz [13]. In the case of high frequency, the performance of the inductor coil will change obviously,



Progress In Electromagnetics Research C, Vol. 122, 2022 123

c
I
n

—l 1 1
R L

Figure 2. Equivalent model of transmitting coil at high frequency.
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Figure 3. Equivalent circuit of detection system, (a) secondary coil RL circuit, (b) secondary coil RLC
circuit.
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and the distributed capacitance of the coil cannot be ignored. Its equivalent model is a parallel resonant
circuit, as shown in Figure 2. R is the coil internal resistance, L the coil inductance, and C the
distributed capacitance. The detected grounding grid mesh is equivalent to the secondary coil, and
the two different states of the mesh with or without breakpoints correspond to different equivalent
models of the circuit as shown in Figure 3. The secondary coil RL circuit in Figure 3(a) is the circuit
model of the grounding grid without breakpoint, which is equivalent to an inductive wireless energy
transfer circuit. The secondary coil RLC circuit in Figure 3(b) is the circuit model of the grounded
grid with breakpoint, which is equivalent to the Magnetic Coupling Resonant Wireless Power Transfer
(MCR-WPT) PS topology circuit.

In Figure 3, L; and Lo are symbols of the inductance of the primary and secondary coils,
respectively, and the internal resistances are Ry and Ro; C is the distributed capacitance of the primary
coil; Cy is the equivalent capacitance at the mesh break; M is the mutual inductance between the primary
and secondary coils. It is pointed out in the literature [13] that when a break in the grounding grid
occurs, the resonant frequency of the grounding grid is basically independent of the width and location
of the break, that is, the equivalent capacitance of the break is basically constant.

When the distributed capacitance C is not considered, the two circuits are obtained according to
Kirchhoff’s voltage law as:

(Ry + jwLy) I1 + jwMIy = U (1)
jwMIi + (R + jwLs) I» = 0
(Ry + jwLy) jl —l—jwMIé =U

. . . 1 . 2
JWM11+(RQ+]WL2+_> I, =0 @)
JwCo

Formulas (1) and (2) are RL circuit and RLC circuit, respectively, and the impedance of the two
systems without distributed capacitance is:

2M2R 2M2 L
Z;l:Rﬁwzﬁj(le_w(wzg) 3)
Ry + (ng) Ry + (wLQ)
1
M2 (wLy — —
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Considering the distributed capacitance C4, the total impedance of the two systems is:

1
= -1 (5)
ij1 + >
Z’/‘l
1
Zrie = - 1 (6)
JwCh + 7

rlc

From formulas (5), (6), the total impedances Z,; and Z,. of the secondary coil RL circuit and RLC
circuit will change with the change of the coil parameters. Moreover, the distributed capacitance Cy
will also have a great impact on the total system impedance.

2.2. Frequency Bifurcation Principle and Distortion Region Analysis

The frequency bifurcation phenomenon occurs in magnetically coupled resonant circuits. When
resonance occurs, the imaginary part of the system input impedance is 0, and the magnetically coupled
resonant systems is wyg = 1/v/L1C; = 1/y/LyC5. When the PS topology system is in overcoupling,
the three solutions generated by the frequency bifurcation can be derived from formula (6), that is,
three resonant frequencies. The above cases are considered under the resonant frequency, that is,
wo = 1//L1Cy = 1/4/L2Cs. However, most of the coupling between the transmitting coil and the
grounding grid is not resonant but 1/4/L1Cy # 1/y/LaC5, which is a general coupling system at the
time. According to the parameters of Table 1 and Table 2, the MATLAB calculation of formula (6) is
carried out, the input impedance phase frequency curves at different Cs in Figure 4 are obtained.

Table 1. Magnetic coupling system parameters.

Parameter Value | Parameter Value
Ry /Q 1 M /uH 1
L;/uH 10 Ry/Q 1
Cy/pF 40 Lo/uH 10

Table 2. Resonant frequency of secondary coil at different Cs.

Parameter Value
Cy/pF 40 60 80 100
fo/MHz 796 6.50 5.63 5.03

As seen in Figure 4, when the parameters are set and wy = 1/4/L1C7 = 1/4/L2Co, frequency
bifurcation occurs in the system. However, when 1/y/L1C # 1/4/L2C5, a distortion region similar to
the frequency bifurcation also appears in the inputting impedance phase frequency characteristic curves,
which is located near the resonance point of the secondary coil.

In the case of the same parameters, the input impedance phase frequency characteristic curves of
the secondary coil RL circuit and the RLC circuit are compared as shown in Figure 5. From Figure 5,
when the secondary coil is an RLC circuit, the phase frequency characteristic curve is distorted near the
resonant frequency of the secondary coil. When the secondary coil is an RL circuit, the phase frequency
characteristic curve has no obvious change. Therefore, we can judge whether the secondary coil is an
RLC circuit or RL circuit through this distortion area, and then judge whether there is a break point
in the grounding grid.
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Figure 4. Input impedance phase frequency Figure 5. Input impedance phase frequency
curve at different Cs. curve of secondary coil RL circuit and RLC
circuit.

3. PLANAR COIL DETECTION GROUNDING GRID SYSTEM MODEL

It can be seen from formula (6) that when the parameters of the grounding grid are fixed, the detection
effect of the magnetic coupling of the grounding grid is only related to the parameters such as self-
inductance, mutual inductance, and distributed capacitance of the planar coil. Because the change of
the geometric parameters of the planar coil will cause the change of these parameters at the same time,
Formula (6) cannot directly reflect the detection characteristics of the planar coil to the breakpoint
of the grounding grid in the magnetic coupling detection system. Therefore, this section establishes a
mathematical model of the relationship between the geometric parameters of the planar coil and the
magnetic coupling detection of the grounding grid, and analyzes the influence of line width and side
length on the detection effect as well as the high-frequency characteristics of the system. In order
to facilitate the calculation of the simulation software in the third section, the cross section of the
transmitting coil is square, and the line width represents the side length of the section.

3.1. Coil Inductor

The calculation of the coil inductance consists of two parts: the self-inductance of each section of
wire and the sum of the positive and negative mutual inductance between all sections of wire. The
self-inductance of a planar spiral coil with a rectangular cross section can be expressed as [14]:

2-1 w+t
L,=2-1 <lnw+t+0.50049+ 3-l> (7)
where L, is the coil self-inductance in nH, [ the coil wire length in cm, w the wire cross-section width
in cm, and ¢ the wire thickness in cm.
The mutual inductance in nH between the parallel lines of two adjacent segments of length [; and
l; can be expressed as:
M; ;=M (l; +0) — M (9) (8)

where:
6=l =l /2 9)

I 1\? d\? d
M(Z)Z/;j?l In | =+ 1+(d> - 1+<z> +7 (10)
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d is the distance in cm between the centers of the two parallel lines.

The current direction decides the positive and negative mutual inductances between two parallel
wires. The mutual inductance is positive for the same currents and negative for the opposite currents.
Therefore, the positive and negative mutual inductances of the rectangular spiral coil are:

N
My = Myyian (11)
n=1
N
M- = ZMy,y+4n—2 (12)
n=1

y is the serial number of each line in Figure 6 (1, 2, 3, 4...), and N is the total number of lines. The
final inductance of the whole rectangular spiral coil is:

L=1L,+M, —M_ (13)

Figure 6. Mutual inductance between primary and secondary coils.

3.2. Coil Mutual Inductance

The total mutual inductance between the primary coil and the secondary coil can be considered as
adding up the mutual inductance between segments. According to Figure 6, the lines with the same
current direction are positive and with the opposite directions are negative. From Figure 6, the distance
from each segment of the primary coil to the center of the rectangular coil can be calculated as:

dy (i) = lpr + lp2 + (—41)Z (p1 — lp2) <%> (w1 + 1) (14)

The distance of the secondary coils is:

I Lo+ ()" (la — L) <z -1

da(i) = 4 4

) (w+ ) (15)
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the subscripts 1 or p and 2 or s represent the relevant parameters for the primary and secondary coils,
respectively. The total positive inductance can be written as:

nl n2

M+—ZZZM4Z 1)+kA(—1)—k (16)

i=1 j=1 k=1

The research in this paper only considers the case that the two coils are completely symmetrical
along the center. The central distance between the primary coil and secondary coil can be written as:

dy = /{di[4(i — 1) + k] — do[4(j — 1) + k]2 + D2} (17)

D represents the distance between the two coils along the central axis. The negative mutual inductance
can be written as:

nl n2

ZZZ A(Gi—1)+kAG—1)—k+(~1)F+5 (18)

=1 j=1k=1

The distance between them can be written as:

= G = 1) 4 K] = 4G — 1) — k+ (—1)k + 5]} + D2 (19)

The total mutual inductance between the two coils is the difference value between the positive and
negative mutual inductances as:

M=M,—M_ (20)

3.3. Coil Resistance and Distributed Capacitance

At high frequency, the skin effect will make the AC resistance of the transmitting coil and the flat steel
of the grounding grid increase. Since the grounding grid mesh resistance variation has a large impact
on the detection effect, it should be considered. The AC resistance R can be written as:

t
5 (1—e i)

5= \/Z (22)

0 represents the penetration depth (in m), w the angular frequency w = 27 f, p the magnetic permeability
(in H/m), and  the electrical conductivity (in S/m). At high frequency, the distributed capacitance of
the coil cannot be ignored. The distributed capacitance will be generated between turns and turns, coil
and ground. Because the distributed capacitance of the magnetic coupling detection system is more
complex, this model does not calculate the distributed capacitance quantitatively. It is pointed out
in [15] that the distributed capacitance increases with the decrease of turn spacing and the increase of
gap length between parallel lines.

Ry = Rye - (21)

where:

3.4. Plane Coil Detection Grounding Grid System Characteristics Analysis

The grounding grid is studied according to the square single mesh with buried depth of 0.6 m, size of
3m X 3m, and cross-sectional area of 60 mm x 5 mm. Because the actual parameters of the grounding
grid are not easy to obtain by calculation, and this paper focuses on the characteristics of the coil, the
parameters of the grounding grid are calculated as shown in Table 3, and the resonance point of the
grounding grid can be obtained as 7.96 MHz from the parameters in Table 3. The MATLAB calculation
is carried out according to formulas (6), (13), (20), and the step size of frequency scanning is 0.01 MHz.
The influence of the change of coil geometric parameters on the phase frequency curve is obtained when
the grounding grid is broken.

The effect of the distributed capacitance is not considered. Figure 7 represents the effect of changing
the geometric parameters of the transmitting coil on the phase frequency curve. Figure 7(a) shows the
effect of changing the line width on the phase frequency curve when the side length of the single-turn
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Table 3. Parameters of grounding grid.

Parameter Ry (2) L2 (uH) Cs(pF)
Value 1 10 40

transmitter coil is constant at 1.5m. Figure 7(b) shows the effect of changing the side length on the
phase frequency curve when the line width of the single-turn transmitter coil remains constant at 6 mm.
In the picture, different colors represent different phase angles. And the wider the distortion region is,
the smaller the lowest phase angle is, and the better the detection effect is.
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Figure 7. Effect of variation of transmitting coil geometric parameters on the phase frequency curve.
(a) The effect of line width change on phase frequency curve. (b) The effect of side length change on
phase frequency curve.

From Figure 7(a), the distortion region appears near 8 MHz (the resonance point of the secondary
coil). When the side length is certain, as the line width decreases, the width of the distortion region
decreases; the phase angle nadir increases; and the detection effect is weakened, but the degree of
weakening is smaller. From Figure 7(b), when the line width is certain, without exceeding the size
of the grounding grid mesh, as the side length decreases, the width of the distortion region decreases;
the phase angle nadir increases, and the detection effect is weakened; and the weakening effect is more
obvious.

Consider the high frequency characteristics of the system, that is, the effect of distributed
capacitance on the detection effect. Figure 8 shows the effect of changing the distributed capacitance
on the phase frequency curve when the geometric parameters of the transmitting coil are unchanged,
with a single-turn side length of 3m and a line width of 6 mm.

As can be seen in Figure 8, when the other parameters of the transmitting coil remain unchanged,
the parallel resonance point moves forward with the increase of the distributed capacitance, so that the
distortion region is located behind the parallel resonance point. The larger the distributed capacitance
is, the less obvious the distortion area is, and the worse the detection effect is. The reason is that when
the parallel resonance point is located behind the distortion region, it can be seen from the Equation (6)
that the effect of distributed capacitance is greatly enhanced, which will restrain the appearance of the
distortion region.
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Figure 8. Effect of distributed capacitance on phase frequency curve.

4. SIMULATION MODEL

In order to verify the accuracy of the above mathematical model and research in more detail the effect
of the variation of each geometric parameter of the transmitting coil on the detection effect, HFSS
and ANSYS Maxwell simulation software were used for modeling and analysis. A simulation model of
planar coil detecting the breakpoint of grounding grid was established as shown in Figure 9. The upper
part is the square grounding grid mesh, and the lower part is the square transmitting coil. The height
difference between the two is 0.6 m, simulating the detection of breakpoints of grounding grid with a
burial depth of 0.6 m.

The grounding grid single mesh is used as the receiving coil, and its basic parameters are as follows:
the material is galvanized flat steel; the side length is 3m x 3m; the thickness is 6 mm; the width is
50mm; the fixed break width is 10 mm. The break location is shown in Figure 9, and the material
parameters of galvanized flat steel in the simulation software are shown in Table 4. The sweep range

Grounding grid mesh

fracture position — o ———— 1
.ﬂl

Grounding grid
single mesh

Transmilling coil

Figure 9. Simulation model of breakpoint of grounding grid with magnetic coupling detection.
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Table 4. Parameters of galvanized flat steel [6, 16].

Parametor Relative Relative Bulk Dielectric Magnetic
Permittivity = Permeability Conductivity Loss Tangent  Loss Tangent
Value 1 636 6000000 siemens/m 0 0

in HFSS is 6-15 MHz, and the step size is 0.01 MHz. In order to facilitate the simulation calculation,
the cross section of the transmitting coil is square, and the line width represents the side length of the
section.

4.1. Influence of the Change of Coil Geometry Parameters on the Detection Effect of the
System

The transmitting coil adopts a single turn. The side length is 1.4m, and the line width ranges from
2mm to 20mm in steps of 2mm to simulate. The influence of the change of the line width of the
transmitting coil on the detection effect is studied. The parameters of the model are simulated and
analyzed by ANSYS Maxwell.

From Figure 10, with the continuous increase of line width, the self-inductance of the transmitting
coil gradually decreases; the mutual inductance remains basically unchanged; the coupling coefficient
increases; and the overall enhancement of detection is enhanced, but the enhancement effect is small.
The line width is from 2mm to 20 mm, and the lowest point of the distortion region is only from 80°
down to 72°. With the increase of the line width, the weight of the transmitting coil will increase in a
square multiple. Therefore, if we want to improve the detection effect by increasing the line width, we
need to consider the increase of the weight of the transmitting coil after increasing the line width.
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Figure 10. Parameter variation curve and phase frequency curve under different line width.

The transmitting coil is a single turn. The line width is 6 mm, and the side length is from 0.8 m
to 4m. The influence of the change of the side length of the transmitting coil on the detection effect is
studied.

As can be seen from Figures 11(a) and (b), when the side length of the transmitting coil is between
0.8m and 3m, the self-inductance and mutual inductance increase as the side length increases, and
the coupling coefficient also increases. The parallel resonance point of the transmitting coil decreases
continuously. With the increase of coupling coefficient, the detection effect is enhanced.
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Figure 11. Parameter variation curves and phase frequency curves at different edge lengths. (a) The
values of each parameter at different side lengths. (b) Phase frequency curve of side length 0.8 m—3 m.
(¢) The phase frequency curve of side length 3m-4m. (d) Phase frequency curves for side lengths of
2.4m and 4m.

As can be seen from Figure 11(c), after the side length exceeds 3m, the self-inductance increases,
and the parallel resonance point decreases as the side length increases, making the distortion region
located after the parallel resonance point of the transmitting coil. The detection effect can be seen to
be weakened. As seen in Figures 11(a) and (d), when the side lengths of the transmitting coil are 2.4 m
and 4 m, the coupling coefficients are 0.049 and 0.058, respectively, and the latter is slightly higher than
the former. But the lowest points of distortion region are 54° and 11°, respectively, and there is a great
difference between them. The reason for the appeal phenomenon is that the coupling coefficient of the
whole system keeps decreasing after the side length exceeds 3m, which causes the weakening of the
detection effect. Another reason is that the distributed capacitance of the coil will affect the detection
effect at higher frequencies. As the coil side length increases, the self-inductance increases, and the
parallel resonance point decreases, making the distortion region located after the parallel resonance point
of the transmitting coil, and the distributed capacitance has an increasing effect on the detection, which
suppresses the appearance of the distortion region. The above phenomenon verifies the reasonableness
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of the mathematical model at higher frequencies in the second chapter.

The width of the transmitting coil is 6 mm; the side length is 1.4 m; the turn spacing is 10 mm; and
the number of turns from 1 to 4 turns is simulated to study the effect of the change in the number of
turns of the transmitting coil on the detection effect.

As can be seen from Table 5, with the increase of the number of turns, the self-inductance and
mutual inductance continue to increase, and the coupling coefficient of the system also increases. With
the increase of the number of turns, the distributed capacitance is also increased, so that the parallel
resonance point is greatly reduced, and the inhibitory effect of the distributed capacitance is greatly
enhanced. As a result, the distortion region of the 1-turn coil with small coupling coefficient in Figure 12
is larger than that of the 2-turn coil, and there is no obvious distortion region after more than 2 turns.

The transmitting coil line width is 6 mm; the side length is 1.2 m; the number of turns is 2 turns;
and the turn spacing is simulated from 8 to 40 mm in steps of 8 mm to study the effect of the change of
the turn spacing of the transmitting coil on the detection effect.

From Table 6, it can be seen that with the increase of turn spacing, the self-inductance is increased,

Table 5. Parameters after the change of number of turns.

Number of turns  Self-inductance (WH) Mutual inductance (uH) Coupling Coefficient

1 6.78137 0.59718 0.02239
2 20.54255 1.16645 0.02518
3 40.24007 1.70827 0.02640
4 64.85403 2.22343 0.02708
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Figure 12. Phase frequency curve after the Figure 13. Phase frequency curve after the
number of turns change. change of turn spacing.

Table 6. Parameters after the change of turn spacing.

Turn spacing (mm) Self-inductance (WH) Mutual inductance (uH) Coupling Coefficient

8 17.70151 0.88807 0.02064
16 16.80869 0.87607 0.02089
24 16.16157 0.86432 0.02103

32 15.69515 0.85271 0.02107
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and the coupling coefficient is also increased. It can be seen from Figure 13 that the distributed
capacitance is decreased with the increase of turn spacing, so that the parallel resonance point becomes
larger; the inhibitory effect of distributed capacitance becomes smaller and smaller; and the detection
effect is getting better and better.

4.2. Coil Optimization and Design

Based on the above study of the influence of the geometric parameters of the planar coil on the magnetic
coupling detection system, in order to reduce the size of the transmitting coil and ensure the detection
effect of the breakpoint, it is necessary to optimize and design the parameters of the coil. The coupling
coeflicient between the optimized coil and the grounding grid should be higher in order to improve the
detection effect, and the parallel resonance point should not be too small to prevent the suppression of
the distortion area by the distributed capacitance. For this reason, the optimal design flow of planar
coil is proposed, as shown in Figure 14. Because the line width change has little effect on the detection
effect, the optimization process does not change the line width. In the figure, r represents the side
length, N the number of turns, and a the turn spacing (maximum 100 mm). If there is no coil that can
meet the requirements of the effect in the change of turn spacing from 10 mm to 100 mm after increasing
the number of turns, the optimization process ends. According to the actual grounding grid size, the
minimum size planar coil can be designed according to the coil optimization design process.

. L . Decrease r
Coil oplimization design > . T
coil 2 T

Y

Determine (he coil line the effect meet the

widlh, distance belween the ; .
requirements?

coil and grounding grid

A
Coil_1 ) Yes
(r, N, a) Yes Increase N,

- make a=10mm

Y
Tnerease r - [=No the effect meet the 111‘31‘53_5'3 B LeNo the etff.:ct meet the Yes—
requirements? coil 3 requirements?
the effect meet the

requirements’

Yes

Figure 14. Design flow chart of the minimum coil that meets the testing requirements.

The specific coil optimization design process is shown as follows: Firstly, assure the coil line width
and the distance between the coil and the grounding grid, then determine the initial coil side length,
number of turns and turn spacing. The number of turns and turn spacing are initially 1 turn and
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10mm. When the initial coil meets the effect requirements, the operation of reducing the coil side
length is performed until the effect cannot meet the requirements. When the requirement is not met,
and the number of turns is 1 turn, or the turn spacing is 100 mm, the operation of increasing the number
of turns with the initial turn spacing 10 mm is performed. If the effect meets the requirement, repeat
the operation of reducing the side length. If the effect still meets the requirement after reducing the
side length, continue to reduce the side length, and update the parameters of coil 2 to the latest coil
parameters. If the effect does not meet the requirement after increasing the number of turns, then
increase the turn spacing until the turn spacing increases to 100 mm, and then increase the number of
turns. Finally, the coil with the smallest size is selected by comparing coil 2 and coil 3.

In this section, the optimized design of the transmitting coil is carried out for 2 x 2 grounding grid
with specific parameters according to the single mesh parameters of the grounding grid. The simulation
study is carried out in HFSS simulation software, and the simulation model is shown in Figure 15. The
detection effect requires that the absolute value of the difference between the lowest point or the highest
point of the distortion region and the non-distortion area (90° or —90°) is more than 5°. The line width
here is set to 6 mm; the initial side length r is 1700 mm; the number of turns is 1 turn; and the turn
spacing is 10 mm. According to the optimized design flow in Figure 15, the difference values shown in
Table 7 are obtained after simulation. As can be seen from Table 7, when the coil has 1 turn, with

-,Y

-

Figure 15. 2 x 2 grounding grid simulation model.

Table 7. Difference between distortion region and non-distortion region.

Side Number of turns and turn spacing
length 1 2 turns 3 turns
(mm) turn a=10mm a=15mm a¢=20mm ¢=25mm a¢=30mm a=35-100mm a = 10-100mm
1700 9.1

1600 6.4

1500 5.7

1400 5.6

1300 3.7 3.5 8.3

1250 0 5.9

1200 0 0 21.0

1150 0 0 0
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the side length decreases, the difference becomes smaller and smaller, that is, the detection effect gets
weaker and weaker. When the number of turns is 2, the distortion region is located behind the parallel
resonance point. It can be seen from the table that the detection effect is getting better and better with
the increase of turn spacing. After optimization, the planar coil parameters of minimum size are: side
length 1200 mm, number of turns 2, and turn spacing 30 mm. The side length is reduced to 0.4 times
that of the single mesh of the grounding grid.

5. EXPERIMENT

In order to verify the law of the influence of planar coil parameters on the detection effect, an
experimental platform as shown in Figure 16 was established according to the simulation model diagram
in Figure 9. The whole detection system includes KEYSIGHT 33500B signal generator, Aigtek ATA-
1220D broadband amplifier, KEYSIGHT DSOX1204A oscilloscope, and resonance compensation circuit.
The receiving coil used ®2 mm varnished wire with a square coil of size 20 cm x 20 cm to simulate a single
mesh of grounding grid. The transmitting and receiving coils are 40 mm apart. In the experiment, the
waveforms of the voltage and current of the transmitting coil are measured directly by an oscilloscope.
The frequency of the signal generator is adjusted to the working frequency of the system; the voltage
is adjusted to 2.5 Vpp; the sine wave is output; and the gain of the broadband amplifier is adjusted
to 20dB. By adjusting the frequency of the signal generator several times (in steps of 0.1 MHz), the
phase difference between voltage and current at different frequencies was recorded to obtain the phase
difference graph of the transmitting coil. Because the size of the transmitting and receiving coils is
small, the parallel resonance point and distortion region are after 100 MHz, which is not convenient for
experiment. In this experiment, the parallel capacitor of the transmitting coil and the series capacitor
of the receiving coil are used to reduce the frequency of the parallel resonance point and distortion
region.

Signal generator Wideband amplifier Oscilloscop

‘ Resonant compensation circuit |

Figure 16. Experimental platform.

Without considering the effect of distributed capacitance, that is, no parallel capacitance, the
inductance of the receiver coil is 769 nH; the series capacitance is 1.5nf; and the resonance point is
4.7MHz by calculation. The transmitting coil is a square coil with the size of 20 cm x 20cm and the
line widths of 0.5 mm, 1 mm, 2mm, and 4 mm, respectively. The relevant coil parameters are shown in
Table 8.

As can be seen in Figure 17, with the increase of line width, the general trend of the lowest point
of distortion region gets lower and lower, and the detection effect gets better and better. The difference
between the lowest point of distortion region of line width 0.5 mm and line width 4 mm is 13°.

The influence of the change of the side length of the transmitting coil on the detection effect is
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Table 8. Parameters for different line widths.

Cheng et al.

Size Number of turns Line width (mm) Self-inductance (nH)
Receiving Coil  20cm x 20 cm 1 2 769
20cm x 20 cm 1 0.5 1084
Transmitting coil 20 e x 20 cm L L 15
20cm x 20cm 1 773
20cm x 20 cm 1 4 655
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Figure 17. Phase frequency curve after line

width change.

100
T —=—100mm
—o— 150mm
s —4—200mm
el 0F  —+—250mm
e —¢—300mm
g
= 40r
20 |
0 n 1 " 1 " 1 n 1 "
40 45 5.0 5.5 6.0 6.5
Freq (MHz)
Figure 18. Phase frequency curve after side

length change.

studied. The transmitting coil is a square coil with the line width of 2 mm and the side lengths of 10 cm,
15cm, 20 cm, 25 cm, and 30 cm, respectively. The relevant coil parameters are shown in Table 9.
Figure 18 shows that when the side length of the transmitting coil is smaller than the grounding
grid mesh, the lowest point of the distortion region becomes lower and lower with the increase of the
side length of the transmitting coil, and the detection effect becomes better and better. No distortion
region appears for the transmitting coil with side length of 100 mm. When the edge length increases
from 150 mm to 200 mm, the lowest point of the distortion area decreases from 51° to 16°. When the
side length of the transmitting coil exceeds the grounding mesh, the coupling coefficient decreases, and
the detection effect is weakened. As in Figure 18, no distortion area appears when the side length is
300mm. The detection effect is better for the 250 mm coil than the 200 mm coil in Figure 18, which

Table 9. Parameters for different side lengths.

Size Number of turns Line width (mm) Self-inductance (nH)
Receiving coil 20cm x 20cm 1 2 769
10cm x 10cm 1 2 330
15cm x 15¢cm 1 2 530
Transmitting coil 20cm x 20 cm 1 2 773
25cm X 25 cm 1 2 1015
30 cm x 30 cm 1 2 1268
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may be due to the manual winding error of the coil, or the scanning step 0.1 MHz cannot find the lowest
point of the actual distortion area.

In order to verify the inhibitory effect of distributed capacitance on the detection effect in the high
frequency case, this place uses the transmitting coil parallel capacitor to reduce the parallel resonance
point and facilitate the experiment, which is convenient for the experiment. Both the grounding grid
mesh and the transmitting coil are made of 20 cm x 20 cm varnished wire with a line width of 2 mm.
The parallel capacitances of the transmitting coil are 1.5 nf, 2nf, 2.5 nf, 3nf, and 4 nf, respectively.

Phase (deg)

4.0 4.5 5.0 55 6.0 6.5
Freq (MHz)

Figure 19. Phase frequency curve after the change of distributed capacitance.

As can be seen from Figure 19, when the value of the parallel capacitance increases, which is
equivalent to the increase of the distributed capacitance, the parallel resonance point moves forward;
the highest point of the distortion region gradually decreases; and the detection effect becomes worse
and worse. When the distributed capacitance increases from 1.5nf to 3nf, the highest point of the
distortion region decreases from 84° to —25°, and the distortion region can no longer be detected
when the distributed capacitance is 4 nf. The experiment shows that when the distributed capacitance
increases, and the distortion region is after the parallel resonance point, the distributed capacitance
will greatly suppress the distortion region, causing the detection effect to be greatly weakened. The
correctness of the mathematical model of magnetic coupling detection grounding grid at high frequency
in the paper is verified.

6. CONCLUSION

In order to reduce the size of the transmitting coil while ensuring the detection effect, the characteristics
of the planar coil based on the magnetic coupling detection grounding grid breakpoint system are
studied in this paper. The mathematical model of magnetic coupling detection in high frequency case
is analyzed, and the law of the influence of the change of line width, side length, number of turns, and
turn spacing of the planar coil on the magnetic coupling detection system is studied in detail by HFSS
and Maxwell simulation software. The coil is reasonably optimized and designed according to the law.
Finally, the reliability of the simulation and theory is verified by building an experimental platform.
The main work and conclusions of this paper are as follows:

(1) The mathematical model of the grounding grid with magnetic coupling detection under high
frequency is established, and the impedance expressions of the grounding grid with and without
breakpoints in two cases are derived; the principle of the grounding network with magnetic coupling
detection breakpoints and the distortion region are analyzed, and the condition for judging whether
there is a breakpoint or not is found.
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(2) By establishing a mathematical model of the relationship between the geometric parameters of
the planar coil and the magnetic coupling detection of the grounding grid, the influence law of the change
of line width and side length on the detection effect is quantitatively analyzed, and the high-frequency
characteristics of the system are studied. The results show that the distributed capacitance of the coil
in the high-frequency case is not negligible and will have a suppressive effect on the distortion region.
When the distributed capacitance increases from 40 pf to 120 pf, the difference between the distortion
region and the normal region decreases from 164° to 79°.

(3) The magnetic coupling detection grounding grid model was established by HFSS and Maxwell
simulation software, and the law of the influence of the change of the geometric parameters of the planar
coil on the magnetic coupling detection system is studied in detail. As the line width and side length
of the transmitting coil increase, the coupling coefficient increases, and the detection effect becomes
better and better; however, when the side length exceeds the size of the grounding grid, the larger the
side length is, the smaller the coupling coefficient is, and the worse the detection effect is. When the
distortion region is located after the parallel resonance point, the distributed capacitance will have a
suppression effect on the distortion region, and the farther the distance is, the greater the suppression
effect is. Finally, the coil is optimized and designed for 2 x 2 grounding grid, and the side length of the
optimized coil was reduced to 2/5 of the side length of the single mesh of the grounding grid.

(4) An experimental platform for the magnetically coupled detection grounding grid system was
built to verify the reliability of the simulation and theory.
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