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Abstract: In view of the fact that the partial discharge (PD) signal energy is mainly concentrated below
hundreds of megahertz, the ultra-high frequency part of the energy is weak, and the interior space of
the switchgear is narrow, this paper proposes a new method for PD detection of the switchgear based
on near-field detection. Firstly, based on the principle of PD, the field characteristics of the signal in
the switchgear are analyzed. After that, the probe is designed with an electric small loop structure.
Based on its equivalent circuit, its measurement principle and amplitude frequency characteristics are
analyzed. The influence of probe size and material on amplitude frequency characteristics is obtained
by using simulation software High Frequency Structure Simulator (HFSS), and the probe parameters
suitable for PD detection in the switchgear are determined. Finally, the performance of the probe is
measured by network analyzer, and the PD signal is tested on the simulated PD test platform. The
results show that the probe works in the frequency band of 10-200 MHz and can receive PD signals
containing more energy information. In the operating frequency band, the reflection coefficient of the
probe port is very large, and its interference to the signal near field is particularly small. The probe
also has good frequency response characteristics, and the fluctuation in the frequency band is less
than 5 dB, which can obtain more accurate PD signal characteristics in subsequent processing. In
addition, the probe is passive, with dimensions of 166 mm in length, 104 mm in width, and 2 mm in
thickness, which is suitable for placing in the switchgear with small internal space. The results of PD
receiving test show that the probe can reflect the occurrence of PD remarkably and accurately.

Keywords: partial discharge detection; near-field detection; switchgear; magnetic field probe

1. Introduction

Switchgear is an important electrical equipment that is widely used in power systems
and directly supplies power to distribution network and users. When its failure causes
power failure, it brings serious economic losses and social losses. Most of the faults in the
switchgear are caused by internal insulation faults [1]. Insulation defects are often accom-
panied by partial discharge (PD). Therefore, carrying out PD detection on the switchgear
can effectively evaluate the insulation status of the equipment, find its latent discharge
fault, improve the test and maintenance efficiency of the switchgear, and ensure the safe
and reliable operation of the equipment [2].

When PD occurs in the insulation medium, many electrical (such as electric pulse,
increase of dielectric loss, and electromagnetic wave emission) and non-electrical (such
as light, heat, noise, chemical change, and change of gas pressure) phenomena will occur.
Therefore, the detection methods can be roughly divided into electrical detection method
and non-electrical detection method. Generally, the non-electrical detection method has
low sensitivity. The electrical detection method mainly includes pulse current method [3]
and ultra-high frequency (UHF) detection method [4]. The pulse current method measures
the pulse current caused by PD at the coupling capacitor side or from the neutral point
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or grounding point of power equipment through the Rogowski coil by measuring the
impedance, so as to obtain the discharge information such as the apparent discharge
quantity and discharge phase. It is also the only method with international standards
IEC 60270:2000 and GB/T 7354-2003 that can quantify PD in PD detection. However,
it is generally contact measurement, and the lower frequency part of the measured PD
signal spectrum is generally from several kHz to tens of MHz [5,6]. The signal contains
little information, which is commonly used in the type test, factory test, and other offline
tests of electrical equipment such as switchgear. UHF detection method is a non-contact
measurement of UHF 300-3000 MHz far-field electromagnetic wave signal radiated by
PD through UHF antenna. It has the advantage of avoiding field interference below
300 MHz and has strong anti-interference performance. It has become the most popular and
widely used online monitoring method for PD of switchgear at present [7-12]. However,
it also avoids PD signal with rich information frequency band [13]. The UHF part of
the signal has very weak energy, and complex refraction and reflection will occur when it
propagates in the switchgear under the influence of the environment, with a large amplitude
attenuation [14,15]. It is difficult to carry out quantitative and pattern recognition of PD.
Although many substations have established perfect condition monitoring systems based
on UHF detection technology, insulation failures continue to occur [16,17], which means
that many PD have not been monitored. This is because [18,19] some submillimeter cracks
may also appear in the insulator, and the discharge caused by it is mainly glow discharge.
The discharge frequency is basically below 150 MHz, which cannot reach the UHF frequency
band. In addition, as a common type of PD, tip discharge signals are mainly distributed
below 200 MHz [20,21].

Based on the above analysis, combined with the actual space in the switchgear, this
paper proposes a new method of PD detection of switchgear based on near-field detection.
This method uses magnetic field probe to couple magnetic field generated by PD signal,
which can realize non-contact online monitoring of PD. The probe is small in size, and its
working frequency band is below 200 MHz. It can be placed in the switchgear to obtain
signals in the energy concentrated frequency band, which is expected to achieve the goal
of quantifying the PD signal, estimating the PD state of the switchgear and diagnosing
the insulation.

Firstly, based on the generation principle of PD pulse current, combined with the
actual environment and size of the switchgear, this paper analyzes the field characteristics
of pulse current generated in the switchgear, and verifies the rationality and necessity of
PD near-field detection. Then, combined with the application environment, it is proposed
that the probe adopts a plane electric small loop structure, and its measurement principle
and amplitude frequency characteristics are analyzed according to its equivalent circuit.
On this basis, how to broaden the working frequency band of the probe on the basis of
miniaturization of the probe is discussed, and the corresponding solutions are proposed.
The influence of parameters such as probe size on its frequency characteristics is analyzed
through simulation, and the corresponding parameters of the probe are finally determined.
Finally, the network analyzer is used to measure the performance parameters of the probe,
and the probe receiving PD signal is tested on the simulated PD platform built in the
laboratory to verify the performance of the probe.

2. Principle of Near-Field Detection of PD in Switchgear
2.1. PD Principle of Switchgear

This paper takes Schneider SM6 medium voltage switchgear as an example, and its
basic internal environment is shown in Figure 1. It can be seen that the internal space of
the switchgear is narrow, the structure is complex, the components are various, and the
insulation pressure is large. Therefore, it is more prone to insulation failure than other
power equipment, which brings huge hidden trouble to the safe operation of equipment.
There are often some weaknesses in the insulation of switchgear equipment, such as air
gaps or bubbles in some casting, extrusion, or layer wound insulation. The breakdown field
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strength and dielectric constant of air are smaller than those of solid medium, so under the
action of applied voltage, these air gaps and bubbles will discharge first. In addition, there
are some edges and burrs, metal protrusions, and metal tips in the busbar and components
in the switchgear [22], which are also easy to discharge.

)

Figure 1. Internal environment of the switchgear.

The principle of PD is often explained by the three-capacitance model [23], as shown in
Figure 2, where C, represents the capacitance of the air gap or bubble, Cp,; and Cy, represent
the capacitance of the medium in series with Cg, respectively, and C, is the capacitance of
the remaining part of the medium. Adding an AC voltage u; between the electrodes:

1 = Upax Sin wt (1)

where Upax is the maximum value of the AC voltage applied across the electrodes and w is
the angular frequency.

a=is

Figure 2. Three-capacitance model for PD.
Then, the voltage u, appearing across the air gap or bubble Cq is:

Cp

TG+ G

Umax sin wt 2)

As the air gap is very small, C, is much larger than C;, so ug is much smaller than
ut. The applied voltage, the voltage in the air gap, and the current change during PD are
shown in Figure 3. The applied voltage u; rises and the voltage u, in the air gap rises with
it, when u; rises to the starting discharge voltage Us, i.e., ug reaches the discharge voltage
Uyg of Cq, Cq discharges and the voltage on it quickly drops from Uy to Uy, completing a
discharge. Afterwards, as the applied voltage u; rises, the voltage 1, on the air gap also
continues to rise, when it rises again to U, C¢ discharges again, the discharge goes out
again, the voltage on the air gap drops to C; again, and so on, the voltage on Cy changes
between Ug and Uy, at this time, there is a pulse current generation on the external circuit
through Cs.
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Figure 3. Changes in the air gap during PD. (a) Voltage; (b) current.

2.2. Near-Field Characteristics of PD Pulse Currents in Switchgear

When a PD occurs in the switchgear, it is also accompanied by a pulse current, which
according to Maxwell’s first equation:

—
oD

VxH=]
><_]+§

®)

where ?I is the magnetic field strength, 7 is the conduction current density, and B is the
electric displacement vector. According to Equation (3), conducting current and time-
varying electric field can generate magnetic field, so that time-varying magnetic field will
be generated in the switchgear.

To analyze the field characteristics generated by the pulse current in the switchgear,
the current element can be used for equivalent analysis, and the magnetic field distribution
characteristics generated by the current element can be solved according to the wave

—
equation. In order to simplify the analysis process of this problem, the vector potential A
and the scalar potential ¢ can be introduced. Combining the definition of vector potential

5
A and scalar potential ¢, vector identity and Lorentz condition, the wave equation satisfied

—
by the vector potential A can be obtained:

VZA*Wﬁ =—uJ 4)

where 1 is the magnetic permeability and 1s the dielectric constant. From Equation (4),

the relationship between the vector potential A and the current source ] is known. Com-
bining the solution method of the wave equation [24], i.e., first obtain the general solution
of the equation, and then combine the conditions of the definite solution to obtain the

>
electromagnetic vector potential A of the current element:

/ He ]"’ ©)
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In Equation (5), k = w,/Ji€ is the wave number. As can be seen in Figure 4, the length
of the element is /, the vector potential of the current element is:

- — Ileijkr
A=e; H047'cr

(6)

X

Figure 4. Schematic of pulse current.

=
The conversion gives the expression for the vector potential A in the spherical coordi-
nate system as:

— Il —jkr Il —jkr
e, 1o ¢ COSG—?QHO—~E

i sin 6 (7)

>

Combined with the definition of the vector potential A and the constitutive relations
of linear and isotropic media, The expression of magnetic field intensity generated by pulse
current can be obtained as follows:

J
1

H = ¢pjy-sinf(1+ ],—)e—f’“ 8)

From Equation (8), the magnetic field generated by placing the pulsed current on the
z-axis has only the ¢-directional component of the magnetic field strength. In general, the
region of r < A is called the near field [25]. Combined with the analysis in the previous
section, the PD signal energy is mainly concentrated below 200 MHz, and its wavelengths
A are all greater than 1.5 m. For some common models [26]: SM6, GG-1A (F), XGN2-12,
JYN6-12, KYN1-10 switchgear, the cabinet width and depth are generally below 1 m,
and the width of SM6 model switchgear can be up to 0.5 m, combined with the actual
environment inside the switchgear. Figure 1 shows that the discharge position reaches the
position where the built-in sensor of the PD is placed at a distance r far less than 1.5 m.
That is, for the signals in these energy-concentrated frequency bands, the entire switchgear
is in the near-field region of these signals. Neglecting secondary factors, the strength of the
magnetic field generate by the near field of the pulsed current is:

= - Jlsin®
H =
o 4777?

©)

From Equation (9), it can be seen that in the near-field region, the magnetic field gener-
ated by the pulsed current in the switchgear is the same as the constant current element
expression calculated by Biot-Savart Law in the static magnetic field. The time-varying
electric field generated by the time-varying magnetic field can be obtained by calculation:

E__? . Il cos@_? LIl sin 6
= %0 R I irwe 13

(10)
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—
Therefore, in the near-field region, the average energy flow density vector Sz, of the
electromagnetic field generated by the pulsed current is:

>

— 1. -
Sas = 3Re[E x H ] =0 (11)

As can be seen from Equation (11), if the result caused by minor factors in the field
representation is ignored, it can be regarded as there being no electromagnetic power
output in the near field area of the pulse current, that is, the energy is bound around the
pulse current. Therefore, in order to obtain most of the energy information of the PD signal,
the near-field detection should be studied. It is expected to realize the goal of on-line
detection of PD, quantification of PD signal, estimation of PD state of switchgear, and
insulation diagnosis.

3. Magnetic Field Probe Design
3.1. Design Requirements

The magnetic field probe designed in this paper will be placed in the switchgear
to detect the PD signal. In view of the characteristics of the detected signal and the
application environment, and in order to be able to quantify and identify the pattern of the
local discharge signal in the subsequent study, the following design requirements are put
forward for the magnetic field probe:

1.  Combined with the above analysis of the PD signal in the switchgear, the operating
frequency band of the probe is set at 10-200 MHz;

2. Since the magnetic field probe designed in this paper is a near-field receiving antenna,
its role is to couple the electromagnetic energy from the point to be measured to
output, but does not have electromagnetic energy input from the probe because the
signal from the port into the probe will be radiated out through the probe. Since it is
a relatively weak PD signal, the probe of this radiation is a kind of interference; this
interference should be as small as possible, so the reflection coefficient in the probe
input is as large as possible;

3. In order to get the accurate characteristics of the PD signal in the subsequent data
analysis, the probe is required to have a smooth response to the measured magnetic
field in the working band, that is, for signals of different frequencies, theoretically,
as long as the field strength amplitude is equal, the data output by the probe should
be equal, but the actual design process is not able to achieve absolute equality, so it
is required to be as smooth as possible, and hopefully its frequency characteristics
fluctuate less than 5 dB [27] as far as possible, which is conducive to the subsequent
processing of the signal.

4. There are many components in the switchgear, and the structure is complex. The
size of the built-in sensor is too large, which has a great impact on the electrical
environment in the switchgear, and will introduce new insulation defects. This
requires the magnetic field probe to be as small as possible without abandoning the
above performance requirements.

3.2. Working Principle

From the above design requirements, the probe needs to detect the PD signal wave-
length range of 1.5-30 m. In the common resonant antenna design probe, the probe size is
generally % or %, the size is very large, it is difficult to be placed in the switchgear, And
the size will be too large for the electrical environment. In the switchgear has a greater
impact, so this paper uses the electric small loop structure to design the magnetic field
probe. In general, the maximum geometry of the antenna is much smaller than the working
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wavelength of the antenna, i.e., satisfying Equation (12) can be called an electric small loop
antenna, which is defined by H.A. Wheeler [28] as follows:

I 1
< 12
AT 2m (12)
where [ is the maximum geometric size of the antenna, A is the working wavelength.

The schematic diagram of the operation of the magnetic field probe is shown in
Figure 5, and its basic principle is Faraday’s law of electromagnetic induction:
2B

=

- +dS (13)

Vi = —
" s Ot

—
where B is the magnetic induction intensity, S is the area through which the magnetic
induction lines pass, and V}; indicates the magnitude of the induced electric potential.

IZ
B B

B
y

induced electromotive
force

\ /

X

Figure 5. Schematic diagram of magnetic field probe.

For the magnetic field probe, the total length of the wire wound around the loop is
much smaller than its operating wavelength, so it can be assumed that the magnetic field
through the loop area A is uniformly distributed, which further gives:

Vi = —pAST (14)
where yi is the magnetic permeability of the medium where there are magnetic induction
lines passing through the electric small loop antenna.

When the size of the probe is small compared to the operating wavelength, it is
essentially an inductor with a small amount of radiation, a capacitor, or some combination
of both [29]. Therefore, the magnetic field probe can be analyzed using the lumped
parameter theory, and its Thevenin’s equivalent circuit [30] is shown in Figure 6, where V;,
is the probe induced voltage, Ry is the internal resistance, L is the self-inductance, Cy is
the stray capacitance, and Uy is the output voltage at the load side.

Based on the above circuit, combined with Kirchhoff’s voltage law (KVL) and Kirch-
hoff’s current law (KCL), the equation can be obtained:

)auO+<Ro+1>u0 (15)
L

o*U L
Vi = Loco?z0 + (ROCO + 2 P

R

Under zero initial conditions, the combined Equation (14) and the Equation (15) after
Laplace transformation can obtain:

— uApH(p) = [LOCOP2 + (ROCO + ?)P + <1 + 150)} Up(p) (16)
L L
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Figure 6. Thevenin’s equivalent circuit of magnetic field probe.

This leads to the transfer function of the probe:

T(P) _ U(p) _ —p#Ap
H(p) {L0C0p2+(RoC0+%)P+<1+%)] (17)
___ —pAp
 LoCo(p—p1)(p—p2)

where p is a complex variable and p1, = —6 £ /6% — wo?, where § = ZRT% + ﬁ,

W'y = ﬁ, / (1 + %) = /P1- P2, when é > w'y, p1 and p; are two different real roots.

The frequency characteristic of the system is a certain steady-state characteristic of
the system under the excitation of the sinusoidal signal [31], as long as the p in the system
function is replaced by jw, the expression of the system frequency response can be obtained:

T(jw) = [T(jew) i) = — A RL . J (18)

RitRy (ko _q)(k 1)

_‘uA~RL' w

- Rp + Ry 2 2
PR € — . w
1 + (5 (52w/02> 1 + (5+\/ 52(4}/02)

where w is the angular frequency and ¢(w) is the phase angle. The general representation of
the logarithmic amplitude frequency characteristics of the system function can be obtained
from Equation (19):

T(jw)]

(19)

G(w) = 20log|T(jw)|(dB) = 20log k5L +20log w

_1010g{1+ (&ﬂ _1010g[1+ (;;)1 (B) (20)

In Formula (20), wy, wy are respectively the upper and lower cut-off angular frequency
points of the probe, and the probe operates between these two cut-off frequencies, the
bandwidth is Aw = wy — w = 21/6%2 — w'y2. The larger the 6, the wider the region.

When § >> ', the joint equivalence infinitesimal (1 + x)” — 1 ~ ax, the lower

cutoff frequency:
2
wL:(s[l_ - ()

fi Rr + Ry
L= 27'(L0

N R + Ry

. @1)

(22)
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Also at § >> 'y, the upper cutoff frequency of the measuring circuit is:

a)’() 2 1
=01 1—(— ~ 2
wg =901+ (5 ) R.Co (23)
1
fu = (24)
2R Cy

From Equation (24), it is known that the upper cut-off frequency of the probe is mainly
affected by the stray capacitance of the probe, i.e., the equivalent size of the electric small
loop, i.e., for a single-turn electric small loop probe, there is the following relationship [32]
between the frequency fmax of the highest measurable signal and its loop radius b:

0.2c

fmax = T

b (25)

where, c is the speed of light in vacuum.

3.3. Design and Simulation

In order to facilitate the placement of the probe in the switchgear, the overall structure
of the probe adopts an electric small loop structure fed by coplanar waveguide, as shown
in Figure 7, where a is the line radius, b is the loop radius. the probe is mainly composed
of two parts: the signal line and the ground plane, the signal line and the ground plane
are located in the same plane, the signal line is located in the middle, the ground plane is
located on the left and right sides. Based on the principle of electric small loop, the signal
line of the magnetic field probe is wound into a loop structure, which is used to couple
the magnetic field energy. In addition, the end of the signal line that is wound into a loop
structure is shorted to the ground plane, and the other end forms a coplanar waveguide
transmission line structure with the ground plane, thus forming a closed loop.

2b

Probe | 2a

Ground
|

Figure 7. Schematic diagram of magnetic field probe structure.

Combined with the design requirements of the magnetic field probe, this section
focuses on establishing the probe model in High Frequency Structure Simulator (HFSS)
simulation software, obtaining the frequency characteristics of the probe port, analyzing
the law, and thus determining the probe parameters that meet the design requirements of
this paper.
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3.3.1. Effect of Line Radius on Frequency Characteristics

The magnetic field probe is modeled on HFSS according to Figure 7. The initial
radius of the probe is set to 33 mm, and the substrate material is epoxy resin with relative
permittivity e, of 4.4. The material properties of the probe and the ideal and radiation
boundary conditions were set up and a piece to be tested was established. The distance
between the piece to be tested and the probe was 0.1 m. the input port of the object to be
tested was set as 2 ports and wave excitation added, then a pulse current was generated
on the object to be tested, and magnetic field was generated in its surrounding space. The
probe torus was perpendicular to the magnetic field direction, and the output port of the
probe was set as port 1. Sy, is the transmission parameter from port 2 to port 1:

Sip = — (26)

where by represents the normalized outgoing wave voltage at port 1, a1, ap represent
the normalized incoming wave voltage at ports 1 and 2, respectively. S, can be used
to represent the frequency response characteristics of the probe. Within the 300 MHz
frequency range, the magnetic field probes with line radius of 2 mm, 7 mm, and 12 mm
were simulated, and then the frequency response characteristics of the probe under the
three line radius sizes were obtained as shown in Figure 8.

-40 7

-45 4

-50 4
-55 4

-60 4

S(1,2)/dB

-65 <

— 2mm
— 7mm
— 12mm

0 50 100 150 200 250 300
f/MHz

Figure 8. Frequency characteristics of probes with different line radius.

According to the design requirements of the probe, in the working band of the probe,
the probe should have a smooth data output when receiving the magnetic field signal of the
same field strength. It can be seen form Figure 8 that within 5 dB of frequency characteristic
fluctuation, the lower cut-off frequencies of probe corresponding to different wire radius of
2 mm, 7 mm, and 12 mm are 18.00 MHz, 27.75 MHz, and 39.00 MHz, respectively. Therefore,
when the probe loop radius and other settings are fixed, the lower cut-off frequency of the
probe gradually decreases as the line radius decreases. Considering the designed lower
cut-off frequency is 10 MHz, the line radius is set to 2 mm in the subsequent design.

3.3.2. Effect of Loop Radius on Frequency Characteristics

The probe model with a line radius of 2 mm was established, and the probe material
properties, boundary conditions, and parts to be measured were set with reference to the
previous subsection. Within the frequency range of 300 MHz, the magnetic field probes



Electronics 2023, 12, 336

110f18

with loop radius of 33 mm, 39 mm, and 45 mm were simulated, and the frequency response
characteristics of the probes under the three loop radius sizes were shown in Figure 9.

—40 7

—45 4

-50 4

S(1,2)/dB
g g
" 1 " 1

|
(o)
[$2]

1

|

—~

o
L

— 33mm
— 39mm
— 45mm

|

-~

=3
L

|
0
f=]

50 100 150 200 250 300
f/MHz

(=)

Figure 9. Frequency characteristics of the probe at different loop radius.

Within 5 dB of the fluctuation of frequency characteristics, the lower cut-off frequencies
of the probes corresponding to different loop radius of 33 mm, 39 mm, and 45 mm were
18.00 MHz, 16.50 MHz, and 15.00 MHz, respectively, i.e., as the loop radius increases, the
low-frequency characteristics of the probes become better and better, and their lower cut-off
frequencies gradually decrease. However, if the probe size is too large, it will have a great
impact on the electrical environment inside the switchgear. With reference to the above
simulation results and the currently available dimensions of the switchgear built-in UHF
PD sensors [33,34], the loop radius of the probe was set to 45 mm.

Combining with Equation (25), it can be obtained that when the loop radius is set to
45 mm, the frequency fmax of the highest measurable signal of the probe is 212.31 MHz,
which meets the required frequency range of 200 MHz in this paper.

3.3.3. Effect of Ferrite on Frequency Characteristics

Combined with Equation (22), it is known that the lower cut-off frequency can be
reduced by increasing the inductance of the probe. In order not to continue to increase
the size of the probe, a high permeability material can be used on the probe to collect the
magnetic flux, considering the operating frequency band of the probe, the Ni-Zn ferrite
material, which is widely used in the high frequency range. The structure of the probe is
shown in Figure 10, and the permeability characteristic curve of the material used is shown
in Figure 11.

Figure 10. Probe structure with Ni-Zn ferrite sheets.
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Figure 11. Magnetic permeability characteristic curves of Ni-Zn ferrite materials.

The probe model with a line radius of 2 mm and a loop radius of 45 mm was estab-
lished, and the material properties of the probe, the boundary conditions, and the parts to
be measured were also set up. The magnetic field probe with and without Ni-Zn ferrite
sheet was simulated in the frequency range of 300 MHz, and the magnetic field intensity
distribution of the probe with and without Ni-Zn ferrite sheet was obtained as shown in
Figure 12, and the frequency response characteristics are shown in Figure 13.

H Field

[A/m]
02327

02175
02022
0.1870
01718
0.1565
0.1413
0.1260
0.1108
0.0955
0.0803
0.0650
0.0498

0.0040

@) | )

Figure 12. Magnetic field distribution at the top of the magnetic field probe with and without Ni-Zn
ferrite sheet. (a) Without ferrite; (b) with ferrite.

From Figure 12, it can be seen that the maximum magnetic field intensity generated
around the probe loop without and with the addition of Ni-Zn ferrite sheet was 0.2265 A/m
and 0.2327 A /m, respectively, and the addition of Ni-Zn ferrite sheet increases the magnetic
field intensity on the probe loop. Observing Figure 13, the lower cut-off frequencies of
the probe with and without Ni-Zn ferrite sheet correspond to 9.75 MHz and 15.00 MHz,
respectively, within 5 dB of the fluctuation of frequency characteristics. Therefore, the use
of Ni-Zn ferrite sheet with high permeability can reduce the lower cut-off frequency point
of the probe with the same probe structure size.
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In addition, according to the design requirements, the larger the reflection coefficient
of the probe input is required in the operating band, the probe port is still set to port 1 and
511 is the transmission parameter from port 1 to port 1:

b
Si= - (27)
al HZZO
S11(dB) = —201log|I', | (28)

where by represents the normalized outgoing wave voltage of port 1, a; represents the
normalized incoming wave voltage of port 1, and Iy, is the reflection coefficient of port 1.

According to the design requirements, the larger the reflection coefficient at the probe
input, the better, i.e., the closer S5 is to 0 dB, the better. The probe model with line radius
of 2 mm, loop radius of 45 mm, and Ni-Zn ferrite plate was established in HFSS simulation
software. Within the frequency range of 300 MHz, S1; of the probe is obtained as shown in
Figure 14.
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Figure 13. Probe frequency characteristics with and without Ni-Zn ferrite.
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Figure 14. Transmission parameters of the probe port S1;.
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It can be seen from Figure 14 that in the operating band, the return loss of the probe
shows a good flat characteristic, and very close to 0 dB; that is, in the probe port, most of
the signals are reflected, and it is difficult to have the signal radiated through the probe. It
is also difficult to cause interference to the field to be measured.

4. Probe Performance Verification

According to the simulation analysis in the previous section, it is determined that the
probe size that meets the design requirements is the line radius of 2 mm and the loop radius
of 45 mm, and Ni-Zn ferrite sheets need to be pasted on the top and bottom surfaces of the
probe. This section focuses on the actual measurement of the probe performance, as well as
the verification of the probe performance on the simulated PD testbed.

4.1. Probe Performance Testing

The actual probe was fabricated as shown in Figure 15, and the dimensions of the
probe were 166 mm long, 104 mm wide, and 2 mm thick. AV3656 vector network analyzer
was used to measure the Sj; and S;; parameters of this magnetic field probe. The test
schematic is shown in Figure 16. The actual test results are shown in Figures 17 and 18.

Figure 15. Physical picture of probe.

Vector Network Analyzer

(]

(]
Oo0o0oa0o

_jMagnetic field probe

50Q

Object to be tested

Figure 16. Schematic diagram of S1, and S1; parameters measured in practice.
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Figure 17. Comparison of test simulations of the S;; parameters of the magnetic field probe.
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Figure 18. Comparison of test simulations of the S1, parameters of the magnetic field probe.

Figure 17 shows the test and simulation comparison results of the S1; parameters of
the magnetic field probe. From Figure 17, it can be seen that the port reflection coefficient
of the probe is very large, which makes its interference with the near field of the PD signal
of the switchgear particularly small, and its test results are in good agreement with the
simulation results.

Figure 18 shows the test and simulation comparison of the S1, parameters of the
magnetic field probe. As can be seen from Figure 18, the trends of the test and simulation
results of the Sj, parameters are the same, with an error within 2 dB, but within the
operating band of 10-200 MHz, the amplitude and frequency characteristics still fluctuate
less than 5 dB, with good flatness.

Analysis of the causes of the error may have the following three points:

1.  The errors caused by the machining process of the actual probe. Due to the limita-
tions of the processing machine, the processing accuracy is limited and errors are
inevitably introduced during the process; in addition, the SubMiniature version A
(SMA) connector needs to be connected during the actual test and the influence of the
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SMA connector is not taken into account during the simulation process, which may
also result in certain errors.

2. Errors in the placement of the part to be tested and the probe in the actual measure-
ment will also affect the actual results of the probe.

3. The simulation software itself is subject to some errors, resulting in measured results
that do not exactly match the simulation results.

4.2. Probe Detection PD Test

The probe detection PD test platform is built in the laboratory, and its wiring schematic
diagram is shown in Figure 19. Among them, 1 is 220 V AC power supply, 2 is TDGC2-
3KVA voltage regulator, 3 is GTB-5/50 dry-type test transformer, and 4 is grounding
tip. The PD signal is collected by magnetic field probe 5 at a distance of 20 cm from the
discharge source and obtained on oscilloscope 6. The oscilloscope model is Tektronix
MDO3024. The time-domain and frequency-domain waveforms of the received PD signal
are shown in Figure 20.

5
TDGC2-3kVA Regulator 3 b
4

Oscilloscope

— o——| ——
@ 2 L
10__0 . |__OJ ¥ 00O oot

GTB-5/50 Dry test transformer 6

Figure 19. Schematic diagram of the probe detection partial discharge test platform.
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Figure 20. Magnetic field probe received PD signal. (a) time domain; (b) frequency domain.

As can be seen from Figure 20, the rising edge of the PD signal is very steep, with
the peak value measured by the magnetic field probe approximating 0.65 V, followed
by a gradual decay to background levels after approximately 0.25 ps. The results show
that the signal received by the magnetic field probe has significant characteristics, which
proves that the output signal of the magnetic field probe designed can accurately reflect the
occurrence of PD. According to the spectrum analysis of the received signal, it can be seen
from Figure 20 that the signal is mainly distributed below 200 MHz.

5. Conclusions

In this paper, based on the analysis of PD signal in the switchgear, a near-field magnetic
field probe suitable for PD detection in switchgear is designed and a series of tests are
carried out, with the following conclusions.
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1.  Based on the principle of PD pulse current generation, combined with the actual
environment in the switchgear, the field characteristics are analyzed. and a new
method of PD detection in the switchgear for near-field detection is proposed. The
probe can be placed in the switchgear to realize online monitoring of PD and obtain
the frequency band of PD signal energy concentration. It is expected to achieve
quantitative and pattern recognition of PD in subsequent research.

2. The probe adopts the electric small loop structure, and its measuring principle and
the factors affecting the amplitude frequency characteristics are analyzed in detail.
On this basis, the HFSS software was used to simulate and discuss how to broaden
the working frequency band of the probe on the basis of miniaturization of the probe.
Finally, the structure and size of the probe meeting the design requirements were
determined, and the performance of the probe was verified through actual testing. The
results show that the designed magnetic field probe can accurately and significantly
reflect the occurrence of PD.

3. The new method proposed in this paper can provide some reference for the follow-up
research of PD near field detection. Later, the collected signals will be processed, that
is, the noise separation of the probe and the quantitative study of the PD signal.
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